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Prestressed concrete, a blend of concrete and high strength steel finds application 
in a variety of structural elements.  Since the construction of the Philadelphia Walnut 
Lane Bridge in 1949, the use of this technology has grown popular in the bridges in 
North America.  With the advent of high strength concrete and high strength steel, the 
industry has taken strides.  Prestressed concrete has found its application in many 
structural components used in modern construction. 
 
For prestressed concrete members to act as structural components, it is necessary 
for the prestressing strand to bond with the surrounding concrete to maintain structural 
integrity.  With a wide variety of prestressing strands available, it has become necessary 
to wisely predict the bonding abilities of the prestressing strand with concrete.  Improper 
bond of prestressing strands with concrete has persuaded researchers to investigate the 
problem.  This research work makes an effort to understand the bonding abilities of 
prestressing strand using a test method called the NASP Bond Test and relating them to 
prototype prestressed concrete beams. 
 
1.1 BACKGROUND 
Research in the area of bond characteristics of prestressing strand with concrete 
dates back to 1954 when studies were conducted on the bond characteristics of 
prestressing strands (Janney 1954).  With technological advances in the material science, 
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further studies were conducted over the past sixty years investigating various aspects of 
bond.   
 
In order to understand the bonding abilities of prestressing strand, it is important 
to assess the transfer length, or the length at which the effective prestress is transferred to 
concrete.  Accepted design expressions in ACI-318 and AASHTO LRFD Bridge Code 
for transfer lengths in prestressing strands involve only the strand diameter as variable.  
Researchers (Buckner 1994; Cousins 1990; Lane 1998; Mitchell 1993) have found that 
the transfer length may not be just a function of the strand diameter, but a function of the 
concrete strengths as well.  
 
Though several studies have been done, an accepted test procedure to predict the 
bonding abilities of the strand has not yet been established.  Researchers (Brown 2003; 
Cousins 1992; Ferzli 2000; Logan 1997) have conducted extensive studies on the 
reliability and repeatability of various strand pull out tests which were widely used.  
Among the strand pull out tests, the North American Strand Producer’s (NASP) Bond test 
has shown convincing results (Brown 2003). 
 
 
1.2 RESEARCH OBJECTIVES 
The primary objective of this research program is to modify a strand pull out test 
that can produce repeatable and reproducible results.  Secondly, the outcome from the 
standardized test procedure is compared to prestressed concrete beams made with varying 
concrete strengths, varying strand sources, and other research.  The pull out test is related 
to prototype beams to better understand the bond characteristics of prestressing strand. 
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1.3 TESTING PROGRAM 
The experimental program consisted of two main phases.  In the first phase, 
NASP pull out test was conducted on twelve different strand sources which included both 
0.5 in (12.7mm) and 0.6in (15.2mm) diameter strands.  To standardize the test procedure, 
two strand samples were tested for varying water to cement ratios of 0.40, 0.45, and 0.50.  
The test was conducted using load control and displacement control before finalizing the 
procedure.  A total of 233 individual NASP pull out tests were conducted in mortar as a 
part of the present testing program.  The testing program also included 126 NASP pull 
out tests in concrete with varying strengths. 
 
In the second phase, prestressed concrete beams were made using different types 
of strands and various concrete release strengths.  A total of forty three rectangular 
shaped beams and eight I-shaped beams were made to measure the transfer length of the 
strands at release and at later stages. 
 
1.4 SCOPE 
This research program included the two major phases of experimental research 
1. NASP Bond test 
2. Measurement of transfer lengths 
The NASP Bond test was conduced on twelve different sources of strands which 
included 0.5 and 0.6 in. diameters.  The test was standardized in mortar using two strand 
sources with varying mortar strengths from 4000 to 6000 psi, and different loading 
methods which included load control and displacement control.  The test was also 
performed at Purdue University and University of Arkansas after standardizing the 
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procedure at Oklahoma State University.  The NASP Bond test was also performed in 
concrete using three 0.5 in. diameter strands and one 0.6 in. diameter strand.  The NASP 
Test performed in concrete had concrete strengths varying from 4000 to 10,000 psi 
concrete. 
The measurement of transfer lengths were made on prestressed concrete 
rectangular and I-shaped beams.  The transfer lengths were measured on three 0.5 in. 
diameter strands and one 0.6 in. diameter strand.  The measurements were made using 
Detachable Mechanical (DEMEC) strain gauges and end slip of the strands using 
reference clamps.   
 
1.5 THESIS ORGANIZATION 
This thesis is organized into five chapters.  The first chapter is an introduction to 
the background of the work and research objectives.  The second chapter deals with the 
previous significant research work done in the area of bond of prestressing strand with 
concrete.  The third chapter deals with the NASP Bond Test, the experimental program, 
procedures, results and discussion.  The fourth chapter deals with NASP Bond test in 
concrete, the experimental program, procedures, results and discussion.  The fifth chapter 
discusses the Transfer Length measurements on prestressed concrete beams, the 
experimental program, test results, and discussion of results.  The sixth chapter 












2.0 LITERATURE REVIEW 
 
This chapter outlines the major previous experimental research work done 
previously in transfer length and bond tests of prestressing strands.  In this chapter, 
emphasis is given in defining various terminology used.  
The bond quality of prestressing strands is of major concern, as there is a bond 
length required to transmit the effective prestressing force from the strand to the concrete 
which is called the transfer length.  As of now, there are no acceptance criteria or a 
standardized test procedure for the bond performance of the prestressing strands.  It is 
therefore necessary to have a test procedure that will help in understanding the bond 
performance of the prestressing strand. 
In order to understand the transfer length in prestressing strands, it is inevitable to 
appreciate the various bond mechanisms that prevail between the strand and the concrete. 
 
2.1 BOND MECHANISMS 
The three bond mechanisms that prevail between the prestressing strand and the 
concrete are (Hanson 1959; Russell 1992) 
1. Adhesion 
2. Hoyer’s Effect 
3. Mechanical Interlocking 
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2.1.1 Adhesion 
An adhesive force prevails between the concrete and the steel prestressing strand 
in the absence of relative movement.  However, adhesion cannot exist in the presence of 
a relative movement between the concrete and the strand.  Within the transfer zone, 
adhesion is not a major contributor for bond between the concrete and the prestressing 
strand, although the contribution is of minor significance in the central region where the 
strand stresses are uniform. The relative slip of the strand and the bond stress were 
plotted by researchers (Russell 1992) and is shown in Fig. 2.1.  It can be seen that 
adhesion inhibits the relative movement of the strand to the concrete until a threshold 
level of some critical bond stress.  Reaching the critical bond stress, adhesive force is lost 
and the contribution becomes insignificant. 
 
Figure 2.1: Bond Stress and Strand Slip (Russell 1992) 
2.1.2 Hoyer’s Effect 
Studies (Hoyer 1939) investigated the mechanism that prevailed between the 
smooth prestressing steel wires and concrete.  Hoyer’s effect or wedge action is a 
phenomenon that prevails in the transfer zone which occurs when the prestressed strand 
is detensioned or released.  When the strand is tensioned, the diameter of the strand 
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reduces which can be assessed by the Poisson’s ratio of the strand.  Once the strand is 
released from tension, the strand attempts to regain its original dimension.  The concrete 
surrounding the strand inhibits lateral expansion of the strand.  The restraint acts as radial 
forces on the strand causing frictional resistance in the longitudinal direction.  This 
frictional force holds the prestressing strand preventing it from a relative movement with 
respect to the surrounding concrete.  This action is termed as Hoyer’s effect or the wedge 
action. Though the presence of the Hoyer’s effect has been theorized, it is difficult to find 
experimental evidence for the existence of this mechanism.  Earlier studies (Russell 
1992) are shown in Fig. 2.2 which illustrates the wedging action theorized by E. Hoyer 
and characterized as “Hoyer’s Effect” 
 
Figure 2.2: Hoyer’s Effect (Russell 1992) 
2.1.3 Mechanical Interlock 
In pretensioned concrete, after the concrete is cast surrounding the seven wire 
prestressing strand, the concrete flows into the interstices or the crevices of the strand.  
Once the concrete hardens, ridges are formed around the strand preventing the strand 
from moving without twisting.  This mechanism called mechanical interlocking which 
helps prevent the prestressing strand from slipping and unwinding.  The seven wire 
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prestressing strand contains a single wire at the center called the “king wire”.  The six 
other wires surround the king wire in a helical fashion.  A component of the normal force 
acts in the longitudinal direction of the strand.  This force component helps resist relative 
slip between the strand and the concrete.  “Mechanical interlock will develop in 
pretensioned members only if twisting of the strand is prevented” (Gross 1995)  
Figure 2.3 illustrates the mechanism where the ridges around the strand resist the 
prestressing steel in tension from twisting.  
 
Figure 2.3: Mechanical Interlocking (Russell 1992) 
 
Figure 2.4 illustrates the contribution of the bond stresses discussed earlier in 
bond mechanisms.  The contribution from Hoyer’s effect and the mechanical interlocking 
is difficult to quantify (Russell 1992) in the transfer zone.  Figure 2.4 shows the variation 





Figure 2.4: Stress Distribution in steel (Russell & Burns 1993) 
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2.2 TRANSFER LENGTH 
In pretensioned concrete, transfer length is the distance required to transmit the 
effective prestressing force from the strand to the concrete.  The transfer is attained 
through the bond mechanisms discussed earlier in Section 2.1. The region of concrete 
spanned by the transfer length is called as the transfer zone. 
As per ACI Code provisions (ACICommittee 2002), transfer length is “the 
distance over which the strand should be bonded to the concrete to develop the prestress 
sef  in the strand.” The current ACI Code provisions provide the transfer length distance 






⎛= 3  
Where Lt, is the transfer length in inches 
 fse is the effective stress in the strand in ksi 
 db is the nominal strand diameter in inches 
 
Figure 2.5 reproduces from ACI Code the variation of stresses in the prestressing 
steel along the length of the beam.  It can be seen in Fig. 2.5 that the transfer length is the 
distance at which the stresses in the steel reach an effective prestress of fse at the 
development length is the length required in the member to reach the stress in the steel at 
nominal strength of fps.   
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Figure 2.5: Relationship between steel stress and length (Reproduced from ACI 318-02, R-12.9) 
 
2.2.1 Importance of Transfer Length 
In most design cases, an accurate assessment of transfer length is neither a 
necessity, nor a design requirement.  The significance of transfer length is predominant in 
assessing the cracking loads.  It is shown in studies (Russell 1992; Russell 1996) that the 
transfer zone is susceptible to cracking as the stress in the steel has not reached its 
effective prestress.  Previous studies conducted by Russell in 1992 also concluded that 
the anchorage failures are prevented if the cracks do not propagate through the transfer 
zone.   
Assessing the transfer length of the pretensioned member will help to estimate the 






Lt= (fse/3)db  
Development Length: 
ld= (fse/3)db+(fps-fse)db 











2.3.1 Mitchell, Cook, Khan, Tham (1993) 
The experimental research (Mitchell 1993) conducted in Canada investigated the 
influence of high strength concrete on transfer and development length of pretensioning 
strand.  Twenty two concrete beams were tested with concrete strengths at release 
varying from 3050 to 7250 psi. (21 to 50 MPa)  The research investigated 3/8, ½, and 
0.60 in. (9.5, 12.7, 15.24 mm) diameter strands.  To determine the transfer length from 
the concrete strain measurements, a slope-intercept method was employed where the 
transfer length is measured from the end of the beam to the intercept of the line in the 
transfer region and a horizontal line in the constant strain region.  For all the test beams, 
the strands were released in a gradual manner.  The research showed convincing 
relationship between concrete strengths and transfer lengths.  The authors suggested the 
transfer length relationship as a function of the concrete strength, strand diameter, and the 


















They also suggested a simpler form of the equation for checking the stresses near 









dL 350  
where,  fpi Stress in the strand immediately after transfer (ksi) 
  db Diameter of the strand (inches) 
  cif ′  Concrete compressive strength at the time of release 
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2.3.2 Tabatabai & Dickson (1993) 
A historical perspective of the prestressing strand development length equation in 
the AASHTO Bridge specifications was studied for this research program.  The 
AASHTO Equation for transfer length was 
Lt = fse/3 
the present ACI 318-05 code expression for Transfer length.   
 To understand the above code expression, researchers studied some of the 
previous works (Cousins 1990; Deatherage and Burdette 1991; Hanson 1959; Lane 1992; 
Mattock 1962; Russell 1992; Shahawy 1992).  The authors plotted the transfer lengths 
based on the strand diameter to emphasize on the scatter in the data.  The plot presented 
(Tabatabai 1993) is shown in Fig. 2.6. 
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Figure 2.6: Transfer lengths and Strand Diameters (Tabatabai 1993) 
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In Fig. 2.6 the data has got significant scatter for a particular strand diameter.  The 
data included experimental research data conducted from 1959 through 1993 on Grade 
250 and 270 ksi strands.  The researchers concluded that the transfer length equation was 
based on the equilibrium of the force in the strand and the product of the strand 
circumference, strand bond stress which was taken as 400 psi, and the transfer length.  
The researchers commented that the code expression of bset d
fL ×⎟⎠
⎞⎜⎝
⎛= 3 represents the 
“approximate midrange” of all the values and bset d
fL ×⎟⎠
⎞⎜⎝
⎛= 2 (Russell 1992) represents 
an “approximate maximum” transfer length. 
2.3.3 Russell & Burns (1996) 
The emphasis of this work (Russell 1996) was to measure the transfer length of 
0.5 in. and 0.6 in. (12.7 and 15.2 mm) diameter strands and to recommend revisions for 
the existing transfer length expressions.  The research variables included strand spacing, 
debonding the strand, confining the reinforcement, number of strands per specimen, and 
size and shape of the cross section. The average transfer length measurements performed 
on 34 ends of pretensioned specimens for 0.5 in. strands was 29.5 in. (749 mm) with a 6.9 
in. (175 mm) standard deviation and the average transfer length performed on 40 ends of 
0.6 in. strands was 40 in. (1.02 m) with a standard deviation of 6.8 in. (170 mm).  It was 
also concluded that the transfer length for debonded strands were shorter than the fully 
bonded strands.  Because the mechanisms of transfer for 0.6 in. diameter strands were 
similar to that of the 0.5 in. diameter strands, and because the 0.6 in. strands were found 
to transfer the prestressing forces effectively, the use of 0.6 in. diameter strands in 
pretensioned concrete was recommended.  The researchers approved the transfer length 
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expression to remain as a function of the diameter of the strand based on the experimental 
work.  Among other findings by the researchers, larger cross sections had shorter transfer 
lengths than specimens with smaller cross sections. 
From the data examined and in comparing their data with historical data for 
transfer length, the researchers concluded that the ACI equation was unconservative.  
Recommendations were given to change the ACI equation of transfer length to a rational 






⎛= 2  
 
where,  Lt : Transfer length in inches 
  fse : Effective stress in the strand after prestress losses in ksi 
  db : Diameter of the strand in inches 
 
2.3.4 Russell & Burns (1997) 
This research paper (Russell 1997) reported the results from an experimental 
program that measured the transfer lengths of 0.5 in. (12.7mm) and 0.6 in. (15.2mm) 
diameter seven wire Grade 270 low relaxation pretensioned strands.  In the experimental 
program, 18 single strand specimens were tested. Among the 18 specimens tested, 14 
were fully bonded and the remaining four had a plastic debonding material wrapped for 8 
in. (203mm) from the ends of the member.  All the beams were made from rectangular 
cross sections with concrete strength at release ranged from 4000 psi (28 MPa) and 6000 
psi (41 Mpa).  Concrete surface strains were measured from the sides of the beam using 
Detachable Mechanical (DEMEC) strain gauges.  End slip measurements of the strands 
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were also taken using dial gauges and steel rulers.   To measure the transfer lengths, 
concrete surface strains were plotted along the length of the beam.  The transfer lengths 
were measured from this plot using the 95% Average Maximum Strain (AMS) method.  
 
95% Average Maximum Strain Method 
 In this method, the numerical average of the strains in the strain plateau is 
computed.  A line is drawn at the 95% of this average maximum strain.  The distance 
from the end of the member to the point where the strain profile meets with the 95% 
average line is the transfer length.  It was found from this experimental work that, the 
average transfer length for 0.5 in. (12.7 mm) diameter strands was 33.6 in. (854mm) and 
the average transfer length for 0.6 in. (15.2 mm) diameter was 39.7 in. (1008 mm) 
indicating an increase in the transfer length with strand diameter.  This research work 
concludes that a noticeable difference in transfer lengths exists between the live end and 
the dead ends. Further, the use of 0.6 in. (15.2 mm) strands was recommended as the 
transfer lengths were proportionally comparable to the 0.5 in. (12.7 mm) strands.   
2.3.5 Rose & Russell (1997) 
This experimental program (Rose 1997) included the evaluation of three different 
bond performance tests and their ability to predict the bond characteristics.  Simple pull 
out tests, tensioned pull out tests, and measured strand end slips were performed on 
strand samples.  The test results were later compared with the transfer lengths with 
varying strand surface conditions.     
The specimens for transfer length measurements were cast using a 4000 psi (28 
MPa) release strength concrete at 17 ft (5.2 m) length and 24 ft (7.3 m) length depending 
on the surface treatment of the strand.  All the beams had two 0.5 in. (12.7 mm) strands 
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on the tension side.  From the studies it was seen that the beams with weathered strands 
had shortest transfer length exhibiting a superior bond performance with concrete 
compared to the acid cleaned strands and the “as received” strands. 
To carry out simple pull out tests, pull out blocks having 2 x 3 x 4 ft (0.61 x 0.91 
x 1.22 m) dimensions were cast with 12 strands.  The strands were cast vertically on a 4 x 
3 grid pattern with a 9 in. (229 mm) spacing having an embedded length of 18 in. (457 
mm) in concrete.  The pull out test was performed after 3 days from casting. Both ends of 
the strands were attached with linear potentiometers and mechanical dial gauges to 
measure the displacement of the strand with reference to the concrete.  The strands were 
pulled in a continuous manner using a hydraulic actuator until the free end slip exceeded 
one inch (25.4 mm) and the strand slip recorded in real time.   
Tensioned pull out tests were performed for different strand surface condition.  
The test was performed by gradually releasing tension on one side of the specimen using 
jacking bolts.  Apart from linear potentiometers to measure strand slips, load cells and 
electrical resistance strain gauges (ERSG) were used to measure the tension.   
Researchers from this experimentation work concluded that the strand end slips 
made a reliable correlation with the transfer length.  Figure 2.7 shows the transfer lengths 
plotted against the end slip measured by various researchers.  The surface conditions of 
the strand affected the bond performance of the pretensioned strand.  It was concluded 
that a roughened surface condition enhances the bond and the lubricated surface hinders 
the bond performance.  The tensioned pull out test was found to be difficult to perform 
and the results were inconsistent.  The simple pull out test did not demonstrate any 
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correlation or reproducibility with the pretensioned bond.  Strand end slip at release 
proved to be a reliable assessment for the bond performance of the strand. 
 
Figure 2.7: End Slips and Transfer Lengths (Rose 1997) 
2.3.6 Kahn, Dill, Reutlinger (2002) 
To verify the transfer and development length equations of AASHTO, the 
researchers conducted an experimental study with four AASHTO Type II girders with 
design concrete strengths varying from 10,140 to 14,490 psi. (70 to 100 MPa) (Kahn 
2002) The transfer lengths were measured from the concrete surface strains using the 
95% AMS method and using end clamps on the strands.  A direct pull out test performed 
using an embedment length of 18 in. in concrete blocks demonstrated “good bond”.    
It was concluded that the 0.6 in. diameter strands exhibited good bonding with 
concrete and recommended for use in the industry.  The results indicated that the transfer 
lengths were 41 to 51% less than the calculated AASHTO 1996 equation.   
2.3.7 Barnes, Grove and Burns (2003) 
An experimental assessment of factors affecting the transfer length of prestressed 
concrete beams was conducted with 36 precast AASHTO Type I girders with 0.6 in. 
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(15.2 mm) diameter strands (Barnes 2003).  The concrete strengths varied from 5700 to 
14,700 psi (39 to 101 MPa). Among the research variables, the surface condition of 
strands was taken into consideration apart from the methods of prestress release. As a 
result of this study, transfer lengths were measured for 184 of the 192 transfer zones.  
One half of the specimens were prestressed with strands having a bright strand condition 
and the other half with rusted condition.  This study also explored the possibilities of 
various types of prestress release methods.  The prestress release for one set of specimens 
were achieved by simultaneous release at all ends by different welders and for another set 
of specimens, the prestress release was achieved by cutting the strands at different times.  
The transfer length was measured using the 95% Average Maximum strain method.  
Apart from the experimental work, a finite element model was developed and analyzed to 
study the discrepancy between the strain profile measured along the line of gage points 
and the actual stress profile of the prestressing strands.   
The conclusions of this research work reported that on an average, the transfer 
length increases 10 to 20% over time.  The researchers concluded that the surface 
conditions of the strand cannot be relied upon to reduce the transfer lengths. The prestress 
release methods did not have significant impact on concrete release strengths higher than 
7000 psi (48 MPa) for transfer lengths of bright strands.  From the experimental work, it 
was also concluded that the sudden prestress release resulted in transfer lengths 30 to 
50% higher than those associated with gradual prestress release.  
 
2.3.8 Kose and Burkett (2005) 
This study investigated the effects of transfer and development length of fully 
bonded and debonded 0.6 in. diameter prestressing strands in AASHTO Type I , I-beams 
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(Kose 2005).  The results were then used to evaluate the code requirement for 0.6 in. 
diameter prestressing strand.  A total of 36 beams were fabricated and tested.  The beams 
had concrete strengths varying from 5050 psi to 7480 psi.  The fabrication of beams was 
done with a combination of bright and rusty 0.6in diameter strands with varying concrete 
strength and debonding percentages.  Effects were studied on the horizontal web 
reinforcements on transfer and development lengths.  In the strand pattern for some 
beams, not all the strands were stressed to 75% of fpu, the top strands being pretensioned 
only 34% of fpu. Transfer lengths were measured using the smoothed concrete surface 
strain profile using the 95% AMS method.  DEMEC readings were taken on the beams at 
long time intervals to study the long term effects on transfer lengths. 
It was seen in this research that the transfer length increases with time and it 
ranges from 8 to 12%.  The results also show that the transfer length is higher for 
debonded strands as well.  It was also concluded that none of the short or long term 
transfer length values exceeded the value predicted by Buckner or Lane equations.  The 
authors also comment that Lane equation is extremely conservative.  The authors suggest 
that the code requirement for a fully bonded strand is adequate and the additional FHWA 
requirement to increase the code value by 1.6 is not necessary.  It was also concluded that 
the Buckner and the Lane equations are very conservative for beams containing debonded 
strands.  It was also observed that the crack widths were smaller for beams that contained 
the horizontal reinforcement bars.   
2.3.9 Expressions for Transfer Lengths 
Table 2.1 shows the expressions for transfer lengths recommended by various 
researchers over years.  It can be seen that the contribution of the concrete strength is not 
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prevalent in all the expressions though the diameter of the strand and the effective 
prestress force remains in most of the recommended expressions. 








Recommended Transfer Length Equation 
 
















Martin & Scott 1976 DLt ×= 80  











































































































 D, db : Diameter of the strand (in) 
 cf ′  : Compressive strength of concrete (ksi) 
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 cif ′  : Initial compressive strength, at release (ksi) 
 sef  : Effective prestress after losses (ksi) 
 sif  : Effective prestress after detensioning (ksi) 
 Ec : Modulus of Elasticity of concrete (psi) 
 Astrand : Area of the strand (sq. in.)  
  tU ′  : Bond Stress (psi) 
 
  B : 300 psi/in 
 
2.4 PULL OUT TESTS 
2.4.1 Cousins, Badeaux, Moustafa (1992) 
This experimental research (Cousins 1992) aimed at the comparative study 
between a test methodology introduced, and a direct tension pull out test.  The objective 
of the research was to develop a standard test for determining the bonding characteristics 
of epoxy coated and uncoated prestressing strands to concrete and to correlate them to the 
transfer lengths.  Low relaxation Grade 270 prestressing strands with both uncoated and 
epoxy coated grit impregnated strands were used for the test program. Strands were 
pretensioned to simulate the mechanical interlocking and the Hoyer’s effects as explained 
in Section 2.1.  After pretensioning the strands to the desired levels, a concrete block with 
8 x 8 x 12 inches was cast within 24 hours around the strand. The concrete after curing 
for 3 days was later tested using a hydraulic actuator which was used to force the 
concrete block off the strand.  The load vs. strand slip was recorded with respect to the 
concrete to determine the force at which the failure occurs.  LVDTs were used to monitor 
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the slips at both the dead and the live end of the strand together with load cells to monitor 
the load. 
It was concluded from this research that the standard test gives higher bond stress 
at initial strand slip than the direct tension pull out test.  It was also seen that the transfer 
length made with 3/8 in diameter uncoated strand resulted in a smaller bond stress than 
that from the standard results.  The authors also concluded that the grit density variations 
and rusting of strand result in high standard deviations.  The research did not provide 
significant relationship of the test with the transfer lengths. 
2.4.2 Logan (1997) 
Logan, together with an advisory group of researchers conducted an experimental 
study (Logan 1997) to understand the bond behavior of prestressing strands with concrete 
in prestressed concrete applications.  A series of Moustafa pull out tests were done as a 
part of the program to understand the bond quality with transfer and development 
characteristics.  In order to conduct the research, six 0.5 in. diameter strands were used 
from various manufacturers in North America. 
To conduct the Moustafa pull out tests, strand specimens which are 34 in. long 
were saw-cut, towel wiped, and straightened for bow before casting.  The strands were 
embedded in a block with light reinforcement and concrete with 4000 psi one day 
strength and 28 day strength of 6000 psi.  The concrete test beams were single strand 
beams cast in 90 ft lengths and later saw-cut into five 18 ft long individual beams.  A 
sudden prestress release using flame cutting was performed on all the test beams.  
Logan concluded from this research that Moustafa test is a reliable test to predict 
the flexural behavior of beams.  He observed that the strands having 36 kips or more of 
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pull out capacity had less transfer length than predicted by the ACI equation and the 
transfer length stabilized in 21 days.  The strands having pull-out capacities less than 12 
kips equaled the ACI transfer length equation at release however, the transfer lengths 
increased over time.  The research also concluded that the color of the strand, surface 
residue from the wipe test, and the lay or pitch of the strands did not reflect on the bond 
potential of the strands.  It was also evident that some of the “as received” specimens 
outperformed the strands which had light rust on the surface.  Logan recommended that 
the 0.5 in. diameter strands used in the industry require a pull-out capacity of 36 kips with 
a 10% coefficient of variation for a sample set of six.  The author recommends that the 
Moustafa test should be performed for repeatability with different concrete mixtures.   
2.4.3 Ferzli, Y. (2000) 
The research program inspects the Moustafa Pull out test in assessing the bond 
performance of prestressing strand with concrete (Ferzli 2000).  The research variables 
included strands from five different manufacturers for pull out tests and for flexural tests 
consisting of single and double strand beams.  A total of 24 rectangular beams and 72 
pull out tests were conducted. 
The study concluded that the Moustafa Pull out capacity is inversely proportional 
to the transfer length.  However, results did not show strong correlations between the 
Moustafa Test and transfer length.  Ferzli concluded that the Moustafa Test was 
unacceptable as a test method to assess the bond performance of prestressing strand with 
concrete.  Regardless, the author recommends Moustafa test as a preliminary test 
procedure to assess the general bond qualities of prestressing strands.  The experimental 
work showed that the strand slip increases over time and can grow upto 33% of its release 
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value.  The author recommended a more reliable test method with fewer variables than 
the Moustafa Test. 
2.4.4 NASP Round II (1999) 
The North American Strand Producer’s (NASP) funded two research projects 
(NASP Round I, II) to evolve a standardized test procedure to understand the bond 
characteristics of prestressing strands. The program investigated various pull out tests 
including Moustafa Pull out test, Post Tensioning Institute (PTI) Bond test, and friction 
bond pull out test, (Paulsgrove 1999) which were conducted at University of Oklahoma 
and Florida Wire & Cable Inc.   
During the NASP Round I series, a friction bond test was conducted after 
mechanically splicing the strands together.  Strands were mechanically spliced by a 
mechanical coupling that hydraulically compressed to its strands.  The test measured the 
force required to pull the splice apart.  The spliced strands were placed in a hydraulic 
device exerted a uniaxial tension.  These results did not show convincing degree of 
reproducibility.   
The PTI Bond test measured the pull out value for 0.10 in. (2.54 mm) slip using 
the procedures by the Post Tensioning Institute (PTI).  The PTI specimens were cast in 5 
in. diameter and 18 in. tall steel casings with a strand located concentrically in the 
specimen.  The steel casings were welded to a base plate 6 in. by 6 in. by 0.25 in. 
thickness.  A 9/16 diameter hole accommodated the strand to pass through the mould.  
The strand had a total length of 40 in. with an effective embedment length of sixteen in.  
The mould was filled with “neat cement grout” after placing the strands in position.  Due 
to shrinkages high as 0.5 in. in a specimen, the specimens had to be flushed with mortar 
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after 30 minutes of pouring the moulds.  When the grout attains strength in the range of 
3500 to 4000 psi the PTI Bond test is conducted.  A displacement controlled test method 
is employed with a rate of loading of 0.1 in. per minute. The free end slip is digitally 
recorded using an LVDT attached on the strand and measured relative to the top of the 
flushed mortar.   
The NASP test employed similar procedures as the PTI bond test, except for a 
few variations.  Sand was added to the mortar mix to reduce the amount of shrinkage and 
provide more consistency within the mix which also included Type III cement and water.  
Apart from slight variations in placement and the vibration techniques, the test 
methodology was similar.   
The NASP Round II test program compared the data from both the test sites for 
Moustafa, PTI and NASP Bond test.  The results from the data are presented to 
understand the reproducibility of the test methods in Figs. 2.8 through 2.10. The results 
from OU and FWC are compared for Moustafa, PTI, and NASP Bond test.  Figure 2.11 
shows the coefficient of regression of all the test methods during NASP Round II. The 
PTI and the Moustafa bond test reported the maximum force at 0.1 in free end slip, 
whereas, the NASP test reports the data for 0.1 in. free end slip as they showed the least 
variation in the data.   Recommendations were made to further conduct research in the 
NASP bond test as a strand bond acceptance test. 
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Figure 2.11: Summary of Regression Analysis (Paulsgrove 1999) 
2.4.5 Brown & Russell (2003) 
Studies were conducted as a part of the NASP Round III at Oklahoma University 
(OU) and Florida Wire & Cable (FWC) to investigate the NASP, PTI and Moustafa bond 
tests (Brown 2003).  Ten samples of strands were tested at OU and FWC to investigate 
the reproducibility of all the test procedures.   
Moustafa tests performed as a part of this research conformed to Logan (Logan 
1997) test methodology.  All the 10 strand specimens were tested for Moustafa pull out 
test.  Each Moustafa block contained 18 strands and a total of 60 strands were tested in 
all.  These tests were performed both at OU as well as at FWC.  The results obtained 




Table 2.2: Maximum Pull Out Values for Moustafa Test (kips) (Sample 
Size=6) 





Variation f'c Strand 
ID 
OU FWC OU FWC OU FWC OU FWC 
AA 33.04 26.60 1.052 5.612 3.2 21.1 4220 4270 
BB 29.47 28.24 2.27 1.524 7.7 5.4 4220 4270 
CC 31.12 22.18 2.41 1.024 7.7 4.6 4220 4270 
DD 36.45 27.17 3.84 1.709 10.5 6.3 4970 4270 
EE 37.44 25.97 2.283 1.767 6.1 6.8 4970 4270 
FF 22.60 21.02 1.059 1.899 4.7 9 4970 4270 
GG 26.33 26.20 3.646 0.729 13.8 2.8 3580 4270 
HH 35.05 25.14 2.609 1.397 7.4 5.6 3580 4270 
II 18.91 13.43 2.214 1.746 11.7 13 4340 4270 
JJ 25.07 31.93 2.424 2.918 9.7 9.1 3580 4270 
The PTI Bond test procedure was similar to the NASP Round I, Round II 
methodology as explained earlier.  The neat cement grout was poured into the specimen 
cylinder and the test was conducted at a loading rate of 0.1 in. per minute.  The tests were 
conducted at University of Oklahoma and Florida Wire & Cable to check for the 
repeatability of the test method.  The results from the PTI Bond test are presented in 
Table 2.3 
Table 2.3: Average PTI Pull Out Values (kips) at 0.1" slip 







ID OU FWC OU FWC OU FWC OU FWC OU 
AA 9.64 11.23 6 6 0.58 1.90 6.0 16.9 3450 
BB 6.68 7.13 6 6 0.64 1.51 9.6 21.2 3470 
CC 5.62 7.93 6 6 0.86 2.23 15.3 28.1 3440 
DD 6.14 11.01 6 6 1.21 2.70 19.7 24.6 3540 
EE 6.94 10.12 6 6 0.53 2.25 7.7 22.2 3560 
FF 4.58 7.34 6 6 0.55 2.89 11.9 39.4 3450 
GG 7.21 7.34 6 6 0.38 1.13 5.2 15.4 3650 
HH 9.01 8.61 6 6 1.26 1.62 14.0 18.9 3670 
II 5.50 5.00 6 6 0.45 2.92 8.1 58.5 3510 
JJ 7.41 10.67 6 6 0.70 4.00 9.6 67.5 3490 
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The NASP Pull out tests were conducted at OU and FWC on all the strand 
sources.  The test was conducted in a sand cement mortar using a displacement controlled 
testing at a rate of 0.1 in. per minute.  The NASP test procedure was not modified from 
the NASP Round II procedures.  Table 2.4 reports the average of NASP pull out value at 
0.1 in. of free end slip on a sample size of six specimens at OU and FWC.   
 
Table 2.4: Average NASP Pull Out Values (kips) at 0.1" slip 







ID OU FWC OU FWC OU FWC OU FWC OU 
AA 13.93 15.97 6 6 1.248 2.694 9 16.9 4370 
BB 6.75 10.37 6 6 0.719 0.963 10.6 9.3 3810 
CC 9.93 8.80 6 4 2.506 1.379 25.2 15.7 3970 
DD 14.35 15.26 6 6 0.598 1.754 4.2 11.5 4150 
EE 14.09 16.02 6 6 0.587 4.168 4.2 26 4320 
FF 6.31 8.29 6 6 0.409 1.291 6.5 15.6 3900 
GG 7.17 12.41 6 6 1.004 1.259 14 10.1 3730 
HH 11.12 10.29 6 6 1.002 1.639 9 15.9 4100 
II 2.98 5.30 6 6 0.319 0.843 10.7 15.9 4000 
JJ 19.68 17.61 6 6 1.401 3.153 7.1 17.9 4220 
 
The results from the research program concluded that the Moustafa pull out test 
was not a reliable test for bond.  A coefficient of determination of 0.0476 was seen when 
plotting the data between OU and FWC.  However, the test was able to relatively predict 
the bond performance ranking.  The authors suggested that “until instability in the data 
from various test locations is resolved, the test should not be relied upon to be a 
determinant of adequate bonding.” 
 The PTI bond test was not too different as far as reliability to produce 
reproducible results is concerned.  The correlation of determination for the PTI bond test 
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was reported as 0.2104 when the data was plotted between OU and FWC.  The problem 
of shrinkage was considered as the cause of inconsistency in the test procedure. 
The NASP test “outperformed” the other bond tests, showing a strong correlation 
between both locations having an R2 value of 0.776.  The test proved as a reliable 
predictor for bond when compared to other testing procedures.  The researchers 
recommended that the NASP test should be investigated further to make stronger 
conclusions.   
The NASP test was related to the transfer length measurements taken on single 
and double strand beams.  The results from the tests are reproduced in Tables 2.5 and 2.6.  
Beams were made using Strands AA, FF, HH, and II.  The transfer lengths were 
measured on the single and double strand beams at release and at 28 days.  The Tables 
2.5 and 2.6 consolidates the transfer lengths measured on the beams and the 
corresponding pull out values for a particular strand based on Moustafa, PTI and NASP 
Pull out tests conducted at OU and FWC. 
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AA 10.65 16.2 14947 29819 13926 15967 33041 26597 9640 11233 10437 
FF 21.11 31.17 7302 21810 6311 8292 22596 21023 4581 7342 5962 
HH 20.12 30.17 10707 30096 11122 10292 35048 25144 9011 8608 8810 





























































AA 13.06 17.44 14947 29819 13926 15967 33041 26597 9640 11233 10437 
FF 22.87 24.19 7302 21810 6311 8292 22596 21023 4581 7342 5962 
HH 22.38 26.25 10707 30096 11122 10292 35048 25144 9011 8608 8810 






The NASP test showed the highest correlation between the pull out value and the 
transfer lengths measured at release and at 28 days.  A correlation of determination of 
0.86 was seen on the strands when the NASP values and the transfer lengths at release 
was plotted for the single and double strand beams.  Similar analysis on the transfer 
length and the pull out values were done using the Moustafa pull out test and the PTI 
bond test.  The correlation of determination for Moustafa pull out test was reported as 
0.61 and for PTI bond test was 0.70.  This further evidenced that the NASP bond test is a 
better predictor for bond than Moustafa and the PTI bond test.  The correlation plots for 
Moustafa, PTI, and NASP Bond tests and transfer lengths are plotted in Figs. 2.12, 2.13, 
and 2.14 respectively. 
 
Average Moustafa P.O. Test vs. Average Transfer Lengths 
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Figure 2.12: Moustafa Pull out and Transfer Lengths (Brown 2003) 
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Average PTI  Bond Test vs. Average Transfer Lengths

































Figure 2.13: PTI Bond Test and Transfer Lengths (Brown 2003) 
 
 
Average NASP P.O. Test vs. Average Transfer Lengths
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Considerable efforts has been made to predict the transfer length of prestressing 
strands with normal and high strength concrete with a variety of variables.  A range of 
transfer length equations have been suggested by various researchers, some considering 
the effects of concrete strengths.  To relate the measured transfer lengths, and to identify 
the “bond-ability” of various prestressing strands, several pull out tests were conducted in 
the past.  These tests include Moustafa Pull out test, PTI Bond test, and NASP pull out 
tests.  Among these tests, the NASP pull out test show convincing results.  However, a 
standardized acceptance procedure to quantify the prestressing strands is unavailable in 
spite of the scatter in the transfer length data.   
The ACI does not detail any procedure to check the quality of the bond, though in 
the commentary R12.9 it says “For bonded applications, quality assurance procedures 
should be used to confirm that the strand is capable of adequate bond. The precast 
concrete manufacturer may rely on certification from the strand manufacturer that the 
strand has bond characteristics that comply with this section”.  The ACI admits that the 
expression for transfer length is based on the experimental work on members prestressed 
with clean ¼, 3/8 and ½ inch strands, though there is a widespread use of the 6/10inch 










3.0 THE NASP BOND TEST 
 
 
The objective of this research was to determine whether, through some additional 
refinement, the NASP Pull out test is suitable for adoption to assess the ability of 
prestressing strand to bond with concrete. The objective is fulfilled in two parts: 
a) Refining the test to further “tighten” some of the test parameters to help ensure 
the test is both repeatable & reproducible, and; 
b) Round Robin Blind testing trials between Oklahoma State University, Purdue 
University, and University of Arkansas.  
 
3.1 SCOPE OF RESEARCH 
 
The scope of research devoted to the NASP Bond test can be broken down into 
two key phases. 
a) Development Phase where the NASP Test protocol was refined to limit variation 
in underlying properties of the grout, and other factors that can influence 
variability in the test result.  
The NASP bond test is a test procedure used to understand the bonding abilities of 
prestressing strands with concrete.  Figure 3.1 shows the NASP specimen mounted on the 
loading frame.   The test is carried out by casting the prestressing strands in concrete 
mortar enclosed in a cylindrical steel form with a base plate. The strand is pulled out 
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from the concrete mortar at a loading rate of 0.1 in./min using a hydraulic system after 
curing for 24 ± 2 hours.  The pull-out force is measured in real time along with the 
relative movement of the free end of the strand to the specimen.  The end slip is measured 
on the free end (the end opposite to the loading end) of the strand using a linear variable 
differential transducer (LVDT) attached on the NASP specimen.  The NASP Bond Test 
records the pull-out force that corresponds to 0.10 in. of free end slip.  One single NASP 
Bond Test consists of six or more individual test specimens.   
 
Figure 3.1: NASP Specimen on the loading frame 
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b) Test the NASP Bond test through Round Robin Blind trials at Oklahoma State 
University, Purdue University, and University of Arkansas 
 
The NASP Bond test in mortar was performed on ten 0.5 in. diameter and two 0.6 
in. diameter Grade 270 low relaxation strands.  The NASP bond test was performed in a 
cement mortar mix with a sample size of 6 or 12 specimens.  To substantiate the 
repeatability of the bond test, tests were conducted at Purdue University for five 0.5 in. 
diameter strand.  The NASP Tests were also conducted in mortar for six strand samples at 
University of Arkansas.  Table 3.1 shows the strands tested using the NASP Bond test at 
various locations.  The table also lists the NASP ID (Round III and Round IV) and the 
NCHRP ID. 
Table 3.1: Strands tested to determine 













OSU Purdue Arkansas 
0.5  A C x x x 
0.5  B  x   
0.5 FF C D x x x 
0.5 II D E x x x 
0.5  E  x   
0.5  F  x   
0.5 AA G A x x  
0.5  H  x   
0.5  I  x  x 
0.5  J B x x  
0.6  K  x x  




3.2 PRIOR DEVELOPMENT OF NASP BOND TEST 
3.2.1 Development of NASP Bond Test 
 
The NASP Bond test took its shape in the present form after a series of tests 
conducted during the Round Robin trials.  The NASP test conducted in the Round I, 
Round II, and Round III investigated the repeatability and reproducibility of the test 
method together with comparing the test method with the Moustafa Pull out test and the 
PTI Bond test.  Further discussion relating the NASP Rounds II and III is reported in 
Chapter 2.  It is seen from the previous research that the NASP Bond test is a better 
predictor for bond than the other tests used.  The NASP bond test also showed convincing 
results when compared to the transfer lengths measured on the prestressed concrete 
beams.  
3.2.2 NASP Test Protocol prior to Current Research 
 
The changes in the NASP Test procedures from the Round III testing conducted 
in previous research program are discussed in this section.  The current NASP Test 
protocols and the test protocols in 2001 are reported in Appendix B. Though the 
underlying methodology in the procedure has not changed significantly, there are changes 
in the sample preparation and the test procedures.   
The NASP protocols in 2001 specified the sample preparation where the cement 
mortar had a sand-cement-water ratio of 2:1:0.45 and a target one day mortar cube 
strength of 3500 to 5000 psi.  The wider range in the mortar cube strength proved to 
affect the NASP values.  The current research targets a closer range (4750 ± 250 psi) of 
mortar cube strength during the test and does not specify the mix proportions.  The 
current research targets a flow range of 100 to 125 whereas the flow measurements were 
 43
not made during the Round III trials.  The protocols prior to the current research did not 
specify the method in which the strands were cut from the reel.  The current research 
specifies that the strand shall be taped at the cutting ends to avoid spalling of the 
individual wires in the strand.   The strand is centered in a steel casing 5 in. outer 
diameter with a 16 in. bond length.  The cement mortar is cast and consolidated in the 
steel casing.  
The NASP protocols in 2001 did not specify the frame used for loading the NASP 
specimen. The loading frames used in the Round III trials were more “flexible” when 
compared to the frame used in the current research which is “rigid”.  The loading rate of 
0.1 in/min remains the same, and the NASP value is reported as the load at which the free 
end slip is 0.1 in. The average of six or more NASP specimens is reported as the NASP 
value for the strand.  
Studies conducted earlier in the NASP Round II, concluded that the least variation 
in the NASP values is exhibited for the 0.1 in. of end slip. The largest variation was 
reported in the 0.01 in. of free end slip.  The recommendations from these studies resulted 
in reporting the NASP values as the force required to induce a 0.1 in. of free end slip.   
The Moustafa Test and the PTI Bond test procedures, used to identify the bonding 
of prestressing strands with concrete was neither repeatable nor reproducible when 
compared to the NASP Bond test.  Further discussion regarding the issue is discussed in 
Chapter 2. 
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3.3 MATERIAL PROPERTIES 
3.3.1 Prestressing Strands 
All prestressing strands used for this research program were seven wire 270 ksi 
Low relaxation strands from manufacturers in North America.  The strands conformed to 
ASTM A416 specifications for Low relaxation strands. The prestressing strands had a 
nominal diameter of 0.5 in. (12.7 mm) or 0.6 in. (15.2 mm). 
The NCHRP and the NASP designations of the strands used for the research 
program is reported in Table 3.1.  Some of the strands used in the current research 
program included the strands used during the Round III trials.  The strand designations 
for the Round III trials are also reported in Table 3.1 
3.3.2 Cement  
The cement used for the testing program was Type III cement from Lafarge North 
America.  The Portland Type III cement used conformed to ASTM C 150.  The detailed 
chemical analysis of the cement used is reported in Appendix H.  The Type III cement 
used for the NASP tests was enclosed and sealed in steel barrels to control the moisture 
content of the cement. 
3.3.3 Fine Aggregates 
 The fine aggregates used for the NASP testing was supplied by Dolese Brothers 
from their plant at Stillwater.  The fine aggregates used was natural quartz and had a 
specific gravity of 2.63 and the absorption content of 0.5%.  The gradation of the fine 




Table 3.2: Sieve Analysis of Fine 
Aggregates used for NASP Tests 





3/8 100 0 0
#4 99.5 0.5 0.5
#8 96.4 3.6 4.1
#16 89.9 10.1 14.2
#30 46.4 53.6 67.8
#50 13.7 86.3 154.1





The mortar used for the NASP test had various strengths.  The mortar mix design 
for w/c of 0.4, 0.45, and 0.5 are detailed in Table 3.3 
Table 3.3: Mortar Mix Proportions in lb/ft3  for NASP Testing 
Material w/c= 0.4 w/c= 0.45 w/c= 0.5 
Cement 41.4 39.7 38.8 
Fine Aggregates 82.8 79.4 77.5 
Water 16.5 17.9 19.4 
 
The w/c of 0.45 was chosen for the Round Robin testing.  The rest of the mix 
proportions were used to evaluate the effects mortar strengths can have on the NASP test. 
The mix proportion in Table 3.3 for w/c of 0.45 yields one day mortar strength of 4750 ± 
250 psi and a flow of 100 to 125.  For preparing 12 NASP specimens, a volume of 2.7 ft3 
of mortar is batched. 
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3.4 SAMPLE PREPARATION 
To perform the NASP test, six or more NASP samples are required as shown in 
Fig. 3.2.  The sample preparation of the NASP specimens is discussed in this section. 
 
Figure 3.2: NASP Specimen 
3.4.1 Strand Preparation 
The strands used in individual NASP tests were cut from the same reel of strand.  
The strands were cut and handled with care to avoid placing surface contaminants on the 
strands.  The strands were cut using an abrasive saw blade, after firmly taping the cut 
ends with an adhesive tape to prevent destranding.  The strands were cut to lengths of 32 
in.   One end of the strand was ground to ensure that the king wire had greater exposure 
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than the other wires in the strand as seen in Figure 3.3. This detail ensures more 
standardized reading of strand end slips. 
 
Figure 3.3: Strand embedded in NASP specimen 
Exposing the king wire more than the surrounding wires helped in attaching the 
end slip measuring device to the specimen.  It was seen that there could be relative 
movement of wires in a strand if the strands are not ground, which may result in 
inconsistent results.   
3.4.2 Steel Casing 
To perform the NASP test in mortar and concrete, the 4.75 in. (120.65 mm.) inner 
diameter and 5.00 in. (127 mm.) outer diameter steel tubing was 20 ft (6.1 m) long.  The 
tubing was cut at 18 in. lengths using a band saw.  The center of the base plate was 
drilled with either a 5/8 in. or 9/16 in. drill bit depending on the diameter of the strand 
(0.5 in. or 0.6 in.) used for testing. The base plates were then welded to the tubes using a 
jig to ensure 90 degrees between the base plate and the steel casing.  Figure 3.4 shows the 
NASP mould cylinder on the jig used for welding the base plate and the cylinder. 
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Figure 3.4: NASP Specimen Cylinder on the jig 
3.4.3 Bond Breakers 
Bond breakers made from Styrofoam 2 in. in length were attached to the seven 
wire prestressing strands immediately adjacent to the base plate of the test specimen. The 
bond beakers served to avoid any stress concentration near the base of the specimen. 
Figure 3.5 shows the cut strand sample with the 2 in. bond breaker.  The bond breakers 




Figure 3.5: Specimen strands and bond breakers 
3.4.4 Mortar Batching 
The mixing procedures conformed to ASTM C 192.  Corrections were made to 
account for moisture in the fine aggregates.  Approximately 2.7 ft3 of mortar was batched 
to prepare 12 NASP specimens. The batch weights were calculated after correcting for 
the moisture content in the fine aggregates from the saturated surface dry (SSD) weights. 
A water to cement ratio of 0.45 was maintained for the mortar mixtures for tests 
conforming to standardized test protocols. The materials were handled in conformance 
with ASTM C 192.  Corrections for moisture in the fine aggregates were done after 
placing them in sealed containers.  The sample collected for assessing the moisture was 
taken after quartering the sample in conformance with ASTM C 702.   
After placing the measured water in the pan mixer, cement was added, with the 
mixer running.  After one minute and 30 seconds of mixing, the sand is added to the 
mixer without stopping the mixer. After adding the sand, all materials are mixed for two 
minutes. Mixing is then stopped for one minute in conformance with ASTM C 192.  
During that time, the pan mixer is raised to clean the blades. The contents are again 
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mixed for one minute, after which the Flow test is conducted on the mortar in 
conformance with ASTM C 1437 (Figure 3.6).  If the flow of the mortar is within 100 to 
125, the mixing is stopped.  If the flow is less than 100, the mixing time is increased to 
one more minute until the required flow is achieved.  If the required flow is not achieved, 
then the batch mixture is discarded. Unit weight is also measured.  If the unit weight of 
the fresh mortar is not close to the unit weight measured routinely during trial batching or 








Figure 3.6: Flow Test 
3.4.5 Preparing the NASP Specimens 
The NASP steel casings are placed on a wooden box to pass the strand through 
the specimen.  Figure 3.8 shows the NASP specimens on the wooden box.  The strands 
are placed in the steel casings and steel plate aligners are placed on the specimen to avoid 
any possible movement of the strand during the casting.  The mortar is placed in the steel 
casing in two lifts; each layer is consolidated using an electric handheld vibrator.  The 
three feet long and one inch square electric vibrator was used in conformance with 
ASTM C 192.   Figure 3.7 shows the NASP specimens during casting.   Curing 
conditions near 73.4 °F and 100 % Relative Humidity are maintained. Curing conforms 
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to ASTM C 192.  The NASP specimens are removed from the curing room after 22 to 23 
hours.  Figure 3.8 shows the NASP specimens which are ready to be tested. 
 
Figure 3.7: Preparing the NASP Specimens 
 
Figure 3.8: NASP Specimens on the wooden box after curing 
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3.4.5.1 Mortar Cubes, ASTM C 109 
Mortar cubes were prepared as in Fig. 3.9 to test the strength of the mortar at three 
stages while performing the NASP tests.  The mortar cubes were prepared in 
conformance with ASTM C 109.  The 24 hour target strength of the mortar cubes is 4750 
± 250 psi.  If the mortar strength falls outside of this range, variations in pull-out force 
may be caused by variations in mortar strength. 
Three mortar cubes were tested in conformance with ASTM C 109 for 
compressive strength after 22 hours of curing, before starting the NASP Bond test.  
Midway through the NASP Bond test, three more mortar cubes are tested for compressive 
strength.  After the NASP pull out test, a set of three mortar cubes are tested and reported.  
The compressive strength of mortar reported for the NASP Bond test, are for the mortar 
cubes tested halfway through the Bond test.  
 
 
Figure 3.9: Fresh Mortar Cubes 
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3.4.5.2 Unit Weights, ASTM C 138 
Fresh unit weight of the mortar is measured in a 0.1 ft3 bucket.  Hardened unit 
weights of the mortar cubes were measured and recorded prior to the testing for strength, 
after 22 hours. 
 
3.4.6 Importance of Consolidation 
To further understand the significance of the spread in the test data for a particular 
NASP test conducted, the NASP specimens were split open to closely observe possible 
air pockets or voids due to insufficient consolidation of the mortar mix.  The Figures 
3.10, 3.11, and 3.12 show the photographs taken on the NASP split specimens.  The 
specimens were removed from their steel casings using a grinder and cut to 9 in. lengths 
using a concrete saw cutter.  Specimens were split open by performing the concrete 
cylinder tensile test ASTM C 496.   
The split specimens shown in the figures are for Strand G.  Figure 3.10 shows the 
Specimen # 6 in Batch 15 N which had a w/c of 0.45 and the highest NASP value of 
23,505 lb.  Figure 3.11 shows the close to average value in Batch 23 N which had a w/c 
of 0.50 and the NASP value of Specimen # 1 was 16,196 lb, and the group average value 
was 16,360 lb.  The Figure 3.12 shows the split specimen for the lowest NASP value in 
Batch 15 N of 19,531 lb.  It can be seen from the figures that there are no significant air 
voids or lack of consolidation for the NASP specimens.  From the observations, it was 
concluded that the NASP specimen consolidation was adequate. 
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Figure 3.10: NASP Split Specimen for High value 
 
        
Figure 3.11: NASP Split Specimen for Average value 
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Figure 3.12: NASP Split Specimen for low value 
 
3.5 TEST PROCEDURES FOR THE NASP BOND TEST 
The NASP bond test is performed from 22 hours to 26 hours after the hydration of 
the cement.  The NASP specimen is mounted on a rigid steel frame.  The details of the 
section dimensions of the rigid frame for the NASP test is shown in Fig. 3.13.  The 7 in. 
tall portion of the NASP rigid frame does not have torsional restraint.  Figure 3.14 shows 















2 14" x 8" CHANNEL SECTION
9 12 " x 9" x 1 14 " THK STEEL PLATE WITH 34" WIDE 
SLOT AT THE CENTER THROUGH  4 12" 
12 12 " x 9" x 1 14 " THK STEEL PLATE WITH 34" WIDE 
SLOT AT THE CENTER THROUGH  4 12" 
2 14" x 8" CHANNEL SECTION
1" BOLT







5 14 in CLEAR DISTANCE
5.5"
 
Figure 3.13: Schematic Diagram of NASP Test Setup 
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Base Plate 6" x 6" x 14" with 58" dia. hole 
welded to the specimen cylinder
Neoprene Pad 6" x6"
Base Plate 6"x6"x 34" steel plate






2" or 610" diameter strand
2" long Styrofoam Bond breaker 
firmly attached to the strand
 
Figure 3.14: Details of NASP Test Specimen 
Figure 3.15 and 3.16 shows the LVDT attachment on the NASP specimen to 
measure the free end slip on the specimen.  The figures show the end slip measuring 
attachment to the NASP specimen by means of a magnetic base.  The lever which rests 
on the rounded strand specimen is leveled.  The LVDT is attached by means of a 
magnetic base on the NASP specimen where the distance of the LVDT to the mid of the 




7.50" 1 34 " steel block bolted to the 
Aluminum plate for weight
Aluminum Plate 13" x 1" x 34 in 
3" clear spring loaded LVDT (DCT 
1000A)





2" or 610" diameter strand
Mortar Mix cured for 24 hours
2" long Styrofoam Bond breaker 
firmly attached to the strand
 
Figure 3.15: Details of End Slip measuring on NASP Specimen 
 
Figure 3.16: LVDT attachment on the NASP Specimen 
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The NASP specimen is mounted on the rigid frame as shown in Fig. 3.17.  The 
loading control is performed by an MTS System controller. The following procedure was 
followed for all the NASP Bond tests. 
1. Warm up the hydraulic actuator for 10 to 15 minutes. 
2. Check the following in the controller settings.  The controller used is Test Star 
IIs on an MTS 810 Test system. 
a. Loading ramp up rate of 0.1 in./min 
b. Data acquisition of 6 or 8 Hz (data points per second) 
c. Test is carried out for 10 minutes or until the load cell reaches its 
capacity (22,000LB) 
3. Check for any oil leakage in the hydraulic system. 
4. Mount the specimen on the frame by placing the neoprene pad and the base 
plate. 
5. Raise the piston to a datum level. 
6. Attach the base plate for the chuck and place the chuck to ensure that the three 
jaws of the chuck are on an even plane. 
7. Attach the LVDT support system and level and plumb. 
8. Mount the LVDT (RDP Type DCT 1000A) level and plumb. 







Figure 3.17: NASP Specimen on the Test Frame 
3.6 TESTING TO FURTHER REFINE THE NASP TEST PROTOCOLS 
3.6.1 Mortar Strength 
Variations to mortar strength were brought about by varying the w/c.  The three 
different w/c ratios were used; 0.40, 0.45, and 0.50.  Two different types of strands were 
selected to study the effects mortar strengths can have on the NASP pull out values.  The 
2001 NASP protocols attached in Appendix B had a range of mortar strengths from 3500 
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to 5000 psi.  The wide spread in the mortar range posed a larger spread in the NASP 
values.  It was seen that the mortar strength had significant effects towards the NASP pull 
out values.  Studies conducted in this research helped in identifying a closer range of 
mortar strengths which in turn resulted in more consistent NASP values. 
3.6.2 Load control vs. Displacement control 
Though the 2001 NASP test protocols attached in Appendix B specified using the 
displacement control of 0.1 in/min, to refine the test methodology, studies were 
conducted to understand the effects of controlling the NASP test in load control and 
displacement control.  The load control of 5000 lb/min. and a displacement control of 0.1 
in/min were performed on the NASP specimens. 
3.6.3 Mortar Flow 
The mortar flow was not specified in the NASP 2001 protocols.  It was observed 
that a consistent mix and proper consolidation is necessary to improve the test procedure.  
The mortar flow served as a basis to understand the consistency of the mix.  Trial batches 
with w/c of 0.40, 0.45, and 0.50 were made to specify the mortar flow range required for 
the NASP testing. 
3.6.4 Curing Temperature 
The curing temperatures of the mortar cubes have effects towards the strength of 
one day mortar cubes.  Studies were conducted as a part of this research to identify the 
effects mortar strengths can have towards curing temperatures.  A range of curing 
temperatures from 70 °F to 93 °F was chosen to understand the strength variations with 
temperatures. 
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3.6.5 Loading Rate 
Though the applied loading was displacement control, the loading rate of the test 
was calculated.  The loading rate is reported for all the NASP tests as the rate of lbs. per 
minute when the axial load on the specimen is between 4000 to 6000 lbs. 








Where, P4000 and P6000 are the exact loads at 4000 and 6000 lbs and t4000 and t6000 the 
respective times in seconds. 
 
3.7 RESULTS FROM NASP BOND TEST CONDUCTED AT OKLAHOMA 
STATE UNIVERSITY 
The following section reports the summary of the results from the NASP Bond 
test conducted at Oklahoma State University.  The Round Robin trials for the NASP tests 
were conducted at Purdue University and University of Arkansas.  The results from those 
locations are presented later along with discussions.  Since significant refinements to the 
NASP protocol involved in the mortar properties, the results include both the results on 
mortar and their effects on NASP tests.  The results of mortar strength on various w/c are 
also presented in the section.  The variations NASP tests can have on displacement 
controlled and load controlled testing are reported.  The effects of the mortar curing 
temperature to the corresponding strength are also studied. 
3.7.1 Results from tests for material properties of Mortar 
Three different w/c ratios were tested to assure variation in mortar strength.  Table 
3.4 shows the results from the trail batches and the NASP batches conducted at OSU.  
Batches are numbered 1 thorough 39.  The batch number extends with A, B, or C if the 
batching is conducted for various w/c.  The batch numbers will follow with “N” if the 
 63
batch is made for a NASP Bond test.  The one day compressive strengths are measured 
on mortar cubes with a sample size of three or more mortar cubes.  The strengths are 
reported in Table 3.4.  The one day compressive strength is measured at 24 ± ½ hr. 
except when mentioned explicitly.  The mortar flow and the fresh unit weight is also 
reported in Table 3.4.   
The batches 1B through 5B had one day compressive strengths less than 4500 
with a w/c of 0.45.  For batches from 8N, for the same w/c of 0.45, the strengths were 
higher than 4500.  The reason can be attributed to the change in the cement source from 
the batches.  For the first 7 mortar batches, the Type III cement used was from an 
unknown source.  The change in the cement source resulted in the variation in mortar 





Table 3.4: Summary of Mortar Batching Results  















Batch 1A 0.40 5227 113 3 87 142.60
Batch 1B 0.45 3770 94 3 111 141.40
Batch 1C 0.50 3018 22 3 - 141.50
Batch 2A 0.40 4999 51 3 95 141.82
Batch 2B 0.45 3991 33 3 111.5 141.73
Batch 2C 0.50 3006 26 3 - 141.00
Batch 3A 0.40 4792 115 3 72 142.94
Batch 3B 0.45 3979 93 3 103 140.50
Batch 3C 0.50 2982 41 3 - 140.79
Batch 4A 0.40 5078 94 3 74 142.92
Batch 4B 0.45 3981 181 3 93 140.89
Batch 4C 0.50 3195 108 3 107 140.57
Batch 5A 0.40 5279 251 3 59 142.98
Batch 5B 0.45 4212 64 3 69 142.44
Batch 5C 0.50 3344 45 3 113 140.39
Batch 6  0.475 3551 99 3 105 142.42
Batch 7 0.475 3613 113 3 93 142.03
Batch  8N  0.45 4765 85 5 104.5 141.01
Batch 9  0.45 4779 113 6 116.5 140.38
Batch 10  0.45 4938 126 5 113 142.62
Batch  11N  0.45 4730 125 6 119 140.18
Batch 12 0.45 4280 125 3 125 141.47
Batch 13  0.45 4966 163 3 121 140.63
Batch  14N  0.45 4953 197 5 113 139.21
Batch  15N  0.45 4815 111 5 103 141.28
Batch 16A 0.40 6042 47 3 97 142.29
Batch 16B 0.45 4652 47 3 107 141.57
Batch 16C 0.50 3772 32 3 132 138.91
Batch 17N 0.45 4484 168 5 97 138.07
Batch 18 0.50 4003 40 3 149 139.03
Batch 19 0.50 3893 44 3 150 138.31
Batch 20 0.50 3853 174 3 158 138.52
Batch 21 N 0.50 4043 115 5 136 136.00
Batch 22 N 0.50 4117 109 5 139 139.00
Batch 23 N 0.50 3981 131 5 139 136.28
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Table 3.4: Summary of Mortar Batching Results  















Batch 24N 0.40 5763 76 5 95 139.25
Batch 25 0.45 4726 93 5 119 139.88
Batch 26 0.45 4913 56 5 123 139.25
Batch 27N 0.45 4933 167 5 119 138.83
Batch 28N 0.45 4843 70 5 120 138.57
Batch 29N 0.45 4723 227 5 111 138.43
Batch 30N 0.45 4723 97 5 110 138.76
Batch 31N 0.45 4927 24 5 109 140.34
Batch 32N 1 0.45 5395 38 4 117 139.67
Batch 33N 1 0.45 7291 274 3 120 138.67
Batch 34N 0.45 4659 78 5 122 139.99
Batch 35N 0.45 4659 162 5 113 139.81
Batch 36N 0.45 4451 115 5 130 137.65
Batch 37N 0.45 4724 64 5 118 137.73
Batch 38N 0.45 4153 106 5 128 138.45
Batch 39N 0.45 4303 95 5 119 138.55
Notes: 
1:  The NASP test was not reported as the test had to be delayed due to electrical problems 
N in a Batch Number represents NASP Test 
Reported STDEV is for the Mortar Strengths 
 
3.7.2 Results from NASP Bond Test 
After consistent mortar properties could be obtained reliably, the NASP test was 
performed on ten 0.5 in. diameter strands and two 0.6 in. diameter strands.  The NASP 
test procedures conformed to the procedure detailed in Section 3.4 and the NASP 
protocol in Appendix B. The summary of the test results from OSU are shown in Table 
3.5.  The individual test results for each NASP test and the load slip curves are included 
in Appendix A.  
 66
The Table 3.5 is organized according to the NASP batch numbers conducted at 
OSU.  The corresponding w/c and the mortar strength at 24 hours are reported in the 
table.  The NASP Round IV strand ID and the corresponding NCHRP strand ID are 
mentioned in the table.  The pull out force is reported to the nearest 10 lbs.  “N” 
represents the number of NASP specimens tested for each batch.  The standard deviation 
is also reported as “S” in lbs.  The summary sheet in Table 3.5 also reports if the test was 


















 Table 3.5: NASP Results Summary 













































N S (lbs.) 
LC/DC 
8N 0.45 4765 C D 0.5 6,870 12 861 DC 
11N 0.45 4730 G A 0.5 20,710 11 1604 DC 
14N 0.45 4953 G A 0.5 20,010 12 3088 LC 
15N 0.45 4815 G A 0.5 21,930 6 1106 LC 
15N 0.45 4815 G A 0.5 21,190 6 1333 DC 
17N 0.45 4484 C D 0.5 8,710 5 432 LC 
17N 0.45 4484 C D 0.5 6,910 5 338 DC 
21N 0.5 4043 G A 0.5 20,060 12 1129 LC 
22N 0.5 4117 C D 0.5 6,110 12 421 DC 
23N 0.5 3981 G A 0.5 16,360 12 1629 DC 
24N 0.4 5763 C D 0.5 8,420 12 415 DC 
27N 0.45 4933 K   0.6 19,010 5 4311 DC 
27N 0.45 4933 L A 0.6 17,960 6 1292 DC 
28N 0.45 4843 K   0.6 22,420 5 1964 DC 
28N 0.45 4843 L A 0.6 18,610 6 717 DC 
29N 0.45 4723 A C 0.5 14,130 6 1144 DC 
29N 0.45 4723 E   0.5 15,950 6 1266 DC 
30N 0.45 4723 J B 0.5 19,330 5 808 DC 
30N 0.45 4723 E   0.5 17,210 6 823 DC 
31N 0.45 4927 J B 0.5 21,090 6 733 DC 
31N 0.45 4927 A C 0.5 13,300 6 1763 DC 
34N 0.45 4659 H   0.5 15,940 6 1153 DC 
34N 0.45 4659 F   0.5 13,570 6 968 DC 
35N 0.45 4659 H   0.5 18,080 6 1202 DC 
35N 0.45 4659 F   0.5 16,540 6 684 DC 
36N 0.45 4451 I   0.5 12,100 6 1455 DC 
36N 0.45 4451 B   0.5 13,440 6 1243 DC 
37N 0.45 4724 I   0.5 14,710 6 1181 DC 
37N 0.45 4724 B   0.5 15,600 6 1044 DC 
38N 0.45 4153 K   0.6 19,510 12 2079 DC 
39N 0.45 4303 D E 0.5 5,240 6 635 DC 
cif ′
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3.8 DISCUSSION OF RESULTS FROM NASP BOND TEST CONDUCTED AT 
OKLAHOMA STATE UNIVERSITY 
3.8.1 Mortar Strength and Water to Cement Ratio 
 
The relationship between compressive strength and w/c has been established.  
Figure 3.18 compares cif ′  vs. w/c and the test results show strong relation in this aspect.  
As illustrated, compressive strengths decrease with increasing w/c.  In Fig. 3.18, the data 
for the average mortar cubes listed in Table 3.4 is split into two data sets for regression 
analyses.  The first analysis is conducted for the batches 1 through 7.  The second 
analysis is conducted for the batches 8 through 39.  The reason for this split is because of 
the variation in the cement source for the first seven batches.  The coefficient of 
determination of 0.96 is seen when the average compressive strength of three or more 
mortar cubes are plotted against the corresponding water to cement ratios for the first 
seven batches. For batches 7 through 39, the coefficient of determination R2 is 0.81. 
Table 3.6 summarizes the mortar strength results for batches from 8N through 
39N.  The average one day mortar strengths ( X  ) for w/c of 0.40, 0.45, and 0.50 and the 
corresponding standard deviation ( S ) and the number of batches made (N) are tabulated 
in Table 3.6.  It is seen that the average one day compressive strength for w/c of 0.45 is 
4700 
Table 3.6: Summary of Mortar Strength Results for 
batches 8N through 39 N 
w/c N X (psi) S  (psi) 
0.4 2 5902 197 
0.45 23 4700 227 
0.5 7 3952 119 
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Batches #8 thru #39
Batches #1 thru #7
 
Figure 3.18: Mortar Strengths and w/c 
3.8.2 Mortar Flow 
Flow of the fresh mortar was measured for every trial batch and the NASP 
batches as explained in Section 3.4.  With increase in the amount of water in mortar mix, 
the flow tends to be higher.  Figure 3.19 shows that the flow increases with the w/c.  A 
coefficient of determination of 0.586 is seen in this relation.  The measured flow decrease 
significantly over time in the fresh state from one trail to another.  The flow 
measurements were made in conformance with ASTM C 1437.  The data presented in 
Fig. 3.19 is reported in Table 3.4 which reports only the flow measurement that was taken 
in the first trial. 
The average flow for w/c 0.40, 0.45, and 0.50 and the corresponding standard 
deviations for all the batches are tabulated in Table 3.7. 
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In order to have a consistent mortar mix, it is necessary to have a flow range.  A 
flow range of 100 to 125 is specified in the NASP test protocols to achieve a consistent 
mix proportion in the NASP specimens. As illustrated in Table 3.7, the specified flow 
range falls in the range of ( SX ± ) for w/c 0.45. A flow which is out of range from the 
mix proportion could indicate a problem with the mixture constituents. 
Table 3.7: Summary of Flow Results for all batches 
w/c N X  S  
0.4 7 83 15 
0.45 30 113 12 
0.5 9 136 17 
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Figure 3.19: Flow and Water to Cement Ratios 
3.8.3 Curing Temperature 
As the 24 hour compressive strengths had considerable effects with the curing 
temperature, trial batches were made to study the optimal curing temperature range for 
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NASP specimens.  Trial batches were made and mortar cubes were cured at a range of 
temperatures from 70 to 95 °F.  The batches that involved in this study were Batch 25, 
26, 28N, 29N, 30N, and 31N. Mortar cubes were cured at various temperatures to study 
the effects.  Table 3.8 shows the temperature and the corresponding mortar strength for 
individual mortar cubes.  The ASTM curing conditions were maintained in the laboratory 
curing room with 70 to 73 °F curing temperature.  The results demonstrated in Figure 
3.20 shows that compressive strengths increase with increase in curing temperature. From 
the data, to achieve compressive strengths between 4750±250 psi, the curing temperature 
should be maintained at 70±3 °F. 
Table 3.8: Compressive strength in psi of individual mortar cubes 
with varying temperature 
Cube Number ASTM 80°F 81°F 89°F 90°F 92°F 
1 4819 5056 5060 5297 5440 5236 
2 4726 5099 5075 5262 5450 5266 
3 4633 4893 4985 5347  5095 
4 4895      
5 4870      
6 4976      
Average (psi) 4820 5016 5040 5302 5445 5199 






































Figure 3.20: Temperature and Compressive Strengths 
3.8.4 Fresh Unit Weight and Water to Cement Ratio 
The fresh unit weight was measured on every mortar batch made.  The 
average X , standard deviation S , and the number of specimens N are tabulated in Table 
3.9.  Table 3.9 does not show significant change in the fresh unit weight data for w/c of 
0.45 and 0.5.  The fresh unit weight data presented in Table 3.4 for each of the batches is 
plotted against the w/c in Fig. 3.21.  The experimental data has a coefficient of 
determination R2 of 0.24, leading to a weak correlation between the mortar unit weight 
and w/c.  It was observed that the fresh unit weight is not a strong predictor to understand 
the mortar properties.  However, the present NASP protocols recommend having a unit 
weight to that is close to the observed unit weights during trial batching. There are no set 
limits for unit weights for the NASP test protocols. 
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Table 3.9: Summary of Fresh Unit Weight for all 
batches 
w/c N X (pcf) S (pcf) 
0.4 7 142.11 1.33 
0.45 30 139.93 1.39 
0.5 12 139.19 1.77 
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Figure 3.21: Unit Weight and Water to Cement Ratios 
3.8.5 Effects of Mortar Strength on NASP Bond Test 
 
To study the effects of NASP bond test on mortar strengths, tests were conducted 
on NASP Strand C and G.  The test was conducted using water to cement ratios targeting 
a range of mortar cube strengths from 4000 to 6000 psi. for NASP Strand C.  The Figure 
3.22 shows the relationship of NASP bond test value and the mortar strength for two 
types of 0.5 in. diameter strands.  The results demonstrate that the coefficient of 
determination is 0.9666 representing a strong correlation in the test data for Strand D, and 
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a “perfect” correlation for Strand A.  The batch numbers for each of the data point is 
shown in Figure 3.20.  The individual NASP values for the strands were chosen from 
Table 3.10. The average NASP value plotted in Figure 3.22 include only the tests 
conducted in displacement control.   
The mortar strength plays a critical role in the NASP pull out value.  With higher 
mortar strengths, the NASP values tend to be higher.  The effect is more predominant on 
higher bonding strands where the linear regression line is steeper when compared to 
strands with moderate bonding.  For the same differential compressive strength, the 
strands with moderate bonding might not have significant effects on the NASP value 
when compared to the high bonding strands.  For example, the moderate bonding Strand 
C can have a NASP value range 6700 to 7370 lbs. and the high bonding Strand G can 
have a NASP value range 19370 to 22270 lbs for mortar strengths between 4500 to 5000 
psi.  With lower mortar strengths, it becomes hard to predict the NASP value for a variety 
of strands as there is a possibility of having “too many similar values” for various types 
of strands.  On the other hand, with higher mortar strengths, the NASP test becomes more 
difficult to perform as there is a need for machines with higher capacities.  The mortar 
strength range of 4750±250 psi helps in identifying the NASP value for a wide variety of 
high bonding and low bonding strands.  A mortar strength range between 4500 to 5000 







Table 3.10: Results of NASP Bond test with varying 
mortar strength on NASP Strands C and G 
 
 
Batch # w/c 





8N 0.45 4765 6,870 DC 
17N 0.45 4484 8,710 LC 
17N 0.45 4484 6,910 DC 
22N 0.5 4117 6,110 DC 
24N 0.4 5763 8,420 DC 
Strand G 
11N 0.45 4730 20,710 DC 
14N 0.45 4953 20,010 LC 
15N 0.45 4815 21,930 LC 
15N 0.45 4815 21,190 DC 
21N 0.5 4043 20,060 LC 
23N 0.5 3981 16,360 DC 
 
NASP Values and Concrete Strengths for NCHRP A and D Strand
y = 1.3482x + 629.93


































Figure 3.22: NASP Pull out Values for varying Mortar Strengths 
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3.8.6 Load Control vs. Displacement Control 
Though the NASP test method in 2001 specified the loading rate as 0.1 in/min, 
studies were conducted in the present research program to compare the loading rate with 
5000 lb/min.  The displacement controlled loading rate and the load controlled loading 
rate showed significant differences in the NASP test.  Figures 3.23 and 3.24 shows the 
load slip curves for Strand C which was tested for load control and displacement control 
respectively.  It can be seen from the load-slip curves for Batch 17 N that the strand 
shows a “softening” nature when tested in Displacement control.  The NASP pull out 
value seen for load controlled testing is higher than the same test conducted with 
displacement control.  For the Figures 3.23 and 3.24 the average NASP pull out values at 
0.1 in. slip were 8710 and 6910 LB for load and displacement control respectively.  The 
individual NASP values for each of the strands can be found in Appendix A. 
Load vs. Slip Strand "C"

















Figure 3.23: Load Slip Curve for Strand “C” in Load Controlled testing 
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Load vs. Slip Strand "C"

















Figure 3.24: Load Slip Curve for Strand “C” in Displacement Controlled testing 
3.8.7 Importance of Loading Rate 
 
Though the NASP test is standardized as a displacement controlled loading 
procedure, the loading rate is calculated on each of the specimen from the time increment 
between 4000 and 6000 lbs. as discussed in earlier section.  The NASP test results in 
Appendix A, reports the loading rate on all the tests conducted.  Studies compiled in 
earlier research work (Grieve 2004) reports that significance of loading rate on the NASP 
Bond test.  The studies were not performed using the present NASP protocols.  The 
strands used in this study were the NASP strand C and Strand G which were called as 
“FF” and “AA” respectively during the NASP Round III.  The Figs. 3.25 and 3.26 show 
the variation of the loading rate on the NASP values.  The data graphed in the figures are 
labeled in the respective plots.  Grieve reports that “Based on regression analysis, the 
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correlation between NASP bond forces and loading rate is relatively small when all data 
is considered.  Although the correlation does increase when looking at OSU data only, 
the data does not support a strong relationship between the loading rate and NASP bond 
force.” 
LOADING RATE VS. NASP BOND FORCE AT 0.1 IN. FREE END 


























Figure 3.25: Loading Rate and NASP Bond Force for Strand AA (Grieve 2004) 
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LOADING RATE VS. NASP BOND FORCE AT 0.1 IN. FREE END 































Figure 3.26: Loading Rate and NASP Bond Force for Strand FF (Grieve 2004) 
In the current NASP test protocol, the maximum loading rate for a specimen 
during the NASP test is limited to 8000 lb/min.  While conducting the test at OSU using 
the NASP protocols dictated in earlier section, all the loading rates were within 8000 







3.9 REPROCUCIBILITY OF THE NASP BOND TEST BETWEEN SITES 
After standardizing the NASP test protocols from Oklahoma State University 
(OSU), the test was conducted at Purdue University (PU) and University of Arkansas (U 
of A) to verify the reproducibility of the NASP Bond test.  The NASP test procedures at 
PU and U of A were “identical” to the tests standardized at OSU.  The results from the 
other sites together with the results from OSU are presented in Table 3.11.  The NASP 
Round IV designation is presented on Table 3.11.  The NASP tests were conducted at PU 
for Strands A, C, D, G, J, and K and the tests were conducted at U of A for Strands A, C, 
D, and I.  
In Table 3.11, some of the NASP tests reported did not conform to the mortar 
strength requirement of 4750±250 psi.  For such tests, the NASP values are omitted for 
comparisons regarding reproducibility. However, for Strand D the data is considered for 
comparisons as the tests conducted at OSU and PU had mortar strengths of 4303 and 
4000 psi respectively.  Though NASP test protocols recommend to repeat the test if the 
mortar strength falls outside 4750±250 psi, further tests were not conducted on Strand D 
due to lack of availability of the strand.  For the test conducted at PU for Strand K, 
though the strength requirement did not meet the NASP criteria, the data is considered for 













Table 3.11: NASP Results Summary from OSU, PU, and U of A 
NASP Test Results 
at OSU 
NASP Test Results 
at PU 
NASP Test Results 
























































A 0.50 4723 14130 4498 14270 4670 14240 
A 0.50 4927 13300 4810 15150     
Avg.     13715   14710   14240 
C 0.50 4765 6870 4665 7280 4700 8600 
C 0.50     4365 9770 1     
C 0.50     4767 9970     
Avg.     6870    8625   8600 
D 0.50 4303 5240 4000 6070 4630 7270 
G 0.50 4730 20710 4847 20880     
G 0.50 4815 21190 4318 16,470 1     
G 0.50     4638 18880     
Avg.     20950   19880     
I 0.50 4451 12,100 1     4700 12350 
I 0.50 4724 14710         
Avg.      14710      12350 
J 0.50 4723 19330 4893 22700     
J 0.50 4927 21090 4798 22280     
Avg.     20210   22490     
K 0.60 4843 22420 4356 19130     
K 0.60 4933 19010         
K 0.60 4153 19,510 1         
Avg.     20715   19,130      
L 0.60 4933 17960 4628 15450     
L 0.60 4843 18610         
Avg.     18,,285   15,450      
Notes: 
1: The results were omitted as cif ′ was out of range 
 
The results presented in Table 3.11 are graphically represented along with the 
coefficient of determination, R2 values in Figs. 3.27 and 3.28.  The data used to plot the 
figures are the average values at various locations of a particular type of strand reported 
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in Table 3.11.  The data points omitted for plotting the figures are reported as footnotes in 
Table 3.11. 
Figure 3.27 plots the average NASP values from OSU against the average NASP 
values from PU.  The individual NASP strand designation is labeled in Fig. 3.27.  A 
linear regression line and a “perfect fit” line are plotted in the figure.  It is observed that 
the test results match very close with the “perfect fit” line with an R2 value of 0.92.  The 
data set can be considered as “identical” when the test is performed between the two 
sites. 








0 5,000 10,000 15,000 20,000 25,000
Average NASP Pull out Values (lbs)





































Figure 3.27: Comparison of NASP Bond test from OSU and PU 
 
The data in Table 3.11 for the NASP Bond tests conducted at OSU and U of A are 
presented in Fig 3.28.  The four different strand sources were tested between the sites to 
understand the reproducibility of the test method.  The R2 value for this data set is 0.89 
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showing a high correlation between the data.  It is observed that the linear regression line 
in Fig 3.28 does not match very closely with the “perfect fit” line, however the test results 
are convincing as far as reproducibility is concerned based on the R2 value. 
Comparison of NASP Bond tests from 
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Figure 3.28: Comparison of NASP Bond test from OSU and U of A 
 
3.10 SUMMARY & CONCLUSIONS 
The NASP Bond test performed in this research program was conducted on ten 
0.5 in. diameter and two 0.6 in. diameter strands.  The test was conducted on some strand 
samples at Purdue University and University of Arkansas, apart from the tests performed 
at Oklahoma State University.   
The NASP Bond test protocols was decided based on tests conducted on two 
different 0.5 in. strand sources at OSU.  A mortar flow range of 100 to 125 shall be 
obtained during batching without which the mortar shall be discarded.  A target mortar 
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cube strength of 4750 ± 250 psi shall be reached during the testing of the NASP specimen 
within 24 hours after cement hydration.  The specimen shall be mounted on a testing 
frame with a capacity of 22,000 LB or more with a data acquisition system which can 
procure data in real time with a capability of at least one data point per second.  The free 
end slip of the specimen shall be measured using an LVDT mounted on the specimen.  
The specimen shall be loaded at a rate of 0.1 in/minute for ten minutes.  The NASP value 
shall be reported as the load that is required to displace the free end by 0.1 in.  Three 
mortar cubes shall be tested before started the NASP test, three midway during the test, 
and three cubes after the test.  The NASP result reported for the mortar strength shall be 
the average of the three mortar cubes tested midway during the NASP test. 
The NASP test procedure was standardized after conducting the studies for flow, 
compressive strengths, consolidation, and temperature.  Some of the strands had a 
“softening” behavior of having a lower NASP value at 0.1 in. slip when compared to 0.01 
in. slip after performing the NASP Bond test based on the present protocols. This 
characteristic was seen for NASP Strands C and D.  Both these strands performed in the 
lower ranking for strands with NASP pull out forces of 6870 and 5240 LB respectively.  
Though it might seem that the softening nature causes the low values, there is insufficient 
number of strands with similar characteristic to comment on the issue. 
The NASP Bond test procedure has proved to be a repeatable test method within 
various locations.  Historically, NASP Test has performed high above other tests in bond 
of prestressing strands like the Moustafa test and the PTI Bond test.  This research work 
has further reinforced the idea of the need to accept the NASP Bond test as a standard test 








4.0 NASP TESTS IN CONCRETE 
 
The NASP Bond test protocol was modified to test the strand in concrete in place 
of mortar.  This chapter will discuss and report the results of the NASP test conducted in 
Concrete.  The modified NASP test in concrete was performed on three 0.5 in. diameter 
(12.7mm) and one 0.6 in. diameter (15.2mm) strands in concrete with varying strengths.  
The concrete used for the modified NASP test had strengths varying from 4 to 10 ksi.  
4.1 SCOPE OF RESEARCH 
 
The modified NASP test was conducted in concrete to understand the effects of 
varying concrete strengths on the bond of prestressing strands.  The test procedure was 
identical to the NASP Test protocols discussed in Chapter 3 except that concrete with 
varying strengths were used instead of cement sand mortar.  The NASP Tests in concrete 
were conducted on three 0.5 in. diameter strands with NASP strand designations G, J, and 
C and one 0.6 in. diameter strand with NASP ID L.  The corresponding NCHRP IDs are 
A, B, D for 0.5 in. diameter strands and NCHRP ID A for 0.6 in. diameter strand.  The 
number of NASP tests conducted on concrete for varying concrete strengths is reported in 
Table 4.1.  Each test listed in Table 4.1 contains six or more NASP specimens.  The 





Table 4.1: Number of NASP Tests conducted in Concrete for 
varying concrete target strengths 
 







(inches) 4 6 8 10 
G A 0.5 1 1 1 1 
J B 0.5 1 1 1 1 
C D 0.5 2 4 2 1 
L A 0.6 1 1 1 1 
 
4.2 RESEARCH VARIABLES 
The standardized NASP Bond test procedure is performed in cement sand grout.  
The NASP test protocols do not depend on the tests conducted in concrete.  The NASP 
tests were conducted in concrete to study the effects the test procedure has on varying 
concrete strengths.  The test conducted in concrete is not a standard bond test, but a 
modified test procedure.  The concrete strengths used for the modified NASP test in 
concrete varied from 4 to 10 ksi. 
4.3 MATERIAL PROPERTIES 
4.3.1 Prestressing Strands 
All prestressing strands used for this research program were seven wire Grade 270 
low relaxation strands from manufacturers in North America.  The strands conformed to 
ASTM A416 attached in Appendix J. The prestressing strands had a nominal diameter of 
0.5 in. (12.7 mm) or 0.60 in. (15.2 mm). The nominal cross sectional area was 0.153 sq 
in. (98.7 mm2) for 0.5 in. diameter strands and 0.217 sq in (140 mm2) for 0.60 in. 
diameter strand.  The modulus of elasticity of the prestressing strands was estimated as 
28,500 ksi (196.3 GPa) for both 0.5 in. and 0.6 in. diameter strands. 
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4.3.2 Concrete Mixtures 
The concrete mixtures used for making the NASP specimens in concrete included 
Type III cement from Lafarge North America, coarse and fine aggregate from Dolese 
Bros. Co., cement slag from Lafarge North America, and admixtures from Degussa 
Admixtures Inc.  Admixtures used included high range water reducers (HRWR), normal 
range water reducers (NRWR), and air entraining admixtures (AEA). Table 4.2 gives the 
mix proportions and the target fresh and hardened properties for the concrete cast in the 
modified NASP specimens.  The mix proportions were named based on the target one 
day strength.  The mix proportion C-0 targets a concrete strength of 4 ksi at release.  
Similarly, C-I, C-II, and C-III targets strengths of 6, 8, and 10 ksi at release.  The 
concrete mix C-IA, has a target release strength of 6 ksi with air entraining admixture.  
Detailed trial batching was performed (Tessema 2006) to arrive at the concrete mix 
proportions and the target fresh and hardened properties.  The results and discussion on 











Table 4.2: Concrete Mix Proportions for Prestressed Beams 
Material C-0 C-I C-IA C-II C-III 
Cement (PCY) 650 800 800 800 900 
Cement Slag (PCY)     100 
Coarse Aggregates (PCY) 1800 1703 1800 1805 1747 
Fine Aggregates (PCY) 1243 1203 922 1219 1183 
Water (PCY) 298 303 272 277 251 
Glenium 3200 (fl oz/cm. wt)   10 14 7 
Glenium 3400 (fl oz/cm. wt) 8 5   5.5 
Polyheed 997 (fl oz/cm. wt)   3   
MB-AE 90 (fl oz/cm. wt)   1.88   
Target Properties for Fresh and Hardened Concrete 
1 Day Strength (ksi) 4 6 6 8 10 
28 Day Strength (ksi) 6 8 8 10 16 
56 Day Strength (ksi) 8 10 10 14 18 
Slump (in) 8 8 8 8 9 
Unit Weight (pcf) 145 148 148 150 157 
Air Content (%)  2  2  8 2  2  
 
4.4 PROCEDURE FOR NASP BOND TEST IN CONCRETE  
The NASP Bond Test tests the bondability of the 0.5 in. and 0.6 in. prestressing 
strands that conform to ASTM A 416.  The test is carried out by casting the prestressing 
strands in concrete enclosed in a cylindrical steel form with a base plate.  The mix 
proportions used for conducting the modified NASP test in concrete are shown in Table 
4.2.  The strand is pulled out from the concrete at a loading rate of 0.1 in./min using a 
hydraulic system after curing for 24 ± 2 hours.  The pull-out force is measured in real 
time along with the relative movement of the free end of the strand to the specimen.  The 
NASP Bond Test records the pull-out force that corresponds to 0.10 in. of free end slip.  
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One single NASP Bond Test consists of six individual test specimens.   Pull-out results 
from each test are averaged to provide the NASP Bond value. 
4.4.1 Test Methodology and Sample Preparation 
4.4.1.1 Sample Preparation 
The NASP Bond tests conducted in concrete used the same procedure as 
explained in Section 3.4. in Chapter 3.  The handling and preparation of the strands, the 
steel casing and the bond breakers were identical to the NASP Tests conducted in sand-
cement mortar. 
4.4.1.2 Concrete Batching 
The concrete batching was conducted in a pan mixer.  The mixing procedures 
used for the NASP Bond test conformed to ASTM C 192.  The fresh concrete is placed in 
two layers; each layer is consolidated using a handheld electric vibrator.  The slump, unit 
weight, and air content are measured as per ASTM C 143, ASTM C 138, and ASTM C 
231 respectively.  The NASP specimens and the test cylinders were cured in conformance 
with ASTM C 192.  The compressive strength testing was conducted during the time of 
the NASP test, in conformance with ASTM C 39. The NASP specimens are then kept in 
a Laboratory curing room for 22 to 24 hours from the time of hydration.   Curing 
conditions near 73.4 °F and 100 % Relative Humidity are maintained. 
4.4.2 Modified NASP Bond Test in Concrete 
 The modified NASP bond test is performed at 24±2 hrs. after the hydration of the 
cement.  The NASP specimen in concrete is mounted on a rigid steel frame in the same 
manner described for the NASP Bond test (in mortar).  The test procedure employed was 
identical to the standardized NASP Bond test explained in Chapter 3. 
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4.5 NASP RESULTS IN CONCRETE 
The NASP Bond test standardized in mortar was conducted in concrete to 
understand the effect of the concrete strengths on NASP test.  The results from this 
experimental testing are summarized along with the NASP value of the strand in the 
standardized NASP test in Table 4.3.  The table reports the w/cm ratio as there were 
pozzolanic materials added for some of the concrete mixtures which are reported in Table 
4.2.  The detailed NASP results, the load vs. slip plots, and concrete mixture details are 
reported in Tessema (2006).  The concrete strengths reported in Table 4.3 is the average 
strength of three or more concrete specimens tested during the NASP test.  The number 
of specimens tested (N) and the standard deviation (S) are reported for the modified 




Table 4.3: NASP Results in Concrete 
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A G 0.5 0.425 4.52 2.13 23.58 6 0.66 
A G 0.5 0.38 7.02 2.65 26.35 6 1.44 
A G 0.5 0.36 8.05 2.84 30.68 6 1.77 




35.29 6 2.33 
B J 0.5 0.46 3.56 1.89 22.55 6 5.57 
B J 0.5 0.4 5.58 2.36 30.8 6 1.04 
B J 0.5 0.32 7.11 2.67 28.78 6 4.55 




34.33 6 4.17 
D C 0.5 0.45 4.71 2.17 7.48 6 2.76 
D C 0.5 0.46 4.56 2.13 6.66 6 2.52 
D C 0.5 0.36 6.99 2.64 8.96 6 2.23 
D C 0.5 0.38 7.34 2.71 9.51 6 2.64 
D C 0.5 0.4 6.13 2.48 6.74 6 0.25 
D C 0.5 0.3 8.67 2.94 10.26 6 0.26 
D C 0.5 0.32 8.34 2.89 9.97 6 1.06 




11.56 6 0.84 
A L 0.6 0.46 2.23 1.49 11.6 6 0.61 
A L 0.6 0.38 5.02 2.24 23.13 6 1.24 
A L 0.6 0.28 8.79 2.96 24.84 6 0.82 




28.74 6 1.39 
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4.6 DISCUSSION OF TEST RESULTS 
4.6.1 NASP Pull out Values and Concrete Strengths for NCHRP Strand A 
Figure 4.1 shows the NASP pull out values in concrete against the corresponding 
concrete strengths for NCHRP Strand A.  The linear regression line and the power 
regression curve are plotted on the figure.  The coefficients of determination R2 values 
for both the regressions are reported as 0.96 and 0.94 respectively.  The linear and the 
power best fit equations are reported in the figure. It is seen that with the increase in 
concrete strength results in a higher NASP pull out value for NCHRP Strand A.  The 
NASP value for the standardized test for the NCHRP Strand A is 20.95 kips.  The data 
reported in Fig. 4.1 is reported in Table 4.3. 
NASP Pull out Values in Concrete and corresponding 
Concrete Strengths for NCHRP A


































Figure 4.1: NASP in Concrete for NCHRP Strand A 
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4.6.2 NASP Pull out Values and Concrete Strengths for NCHRP Strand B 
Figure 4.2 shows the NASP pull out values in concrete against the corresponding 
concrete strengths for NCHRP Strand B.  The linear regression line and the power 
regression curve are plotted on the figure.  The coefficients of determination R2 values 
for both the regressions are reported as 0.79 and 0.83 respectively.  It is seen that with the 
increase in concrete strength results in a higher NASP pull out value for NCHRP Strand 
B.  The NASP value for the standardized test for the NCHRP Strand B is 20.21 kips.  The 
data reported in Fig. 4.2 is reported in Table 4.3 
NASP Pull out Values in Concrete and Corresponding 
Concrete Strengths for NCHRP Strand B


































Figure 4.2: NASP in Concrete for NCHRP Strand B 
4.6.3 NASP Pull out Values and Concrete Strengths for NCHRP Strands A/B 
 
As the NASP standardized tests in mortar resulted in close NASP pull out values 
of 20.95 and 20.21 kips for NCHRP Strands A and B, the results are treated together in 
Fig. 4.3.  A total of eight data points shown in Table 4.3 from the modified tests 
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conducted in concrete are plotted in Fig. 4.3.  The linear and the power regression curves 
result in an R2 value of 0.82.  The data show that the NASP pull out value in concrete 
strength is a function of the concrete strengths.   
NASP Pull out Values in Concrete and corresponding 
Concrete Strengths for NCHRP A/B


































Figure 4.3: NASP in Concrete for NCHRP Strand A/B 
4.6.4 NASP Pull out Values and Concrete Strengths for NCHRP Strand D 
The data from Table 4.3 for NCHRP Strand D is plotted against the concrete 
strengths in Fig. 4.4.  The NCHRP Strand D was among the moderate performer with a 
low NASP value of 6.87 kips in the standardized test.  The relationship of this strand with 
the NASP pull out values and the corresponding concrete strengths, shown in Fig. 4.4 
shows an R2 value of 0.89 and 0.84 for the linear and the power regression model.  The 
best fit equations for the results are also presented in Fig. 4.4. 
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NASP Pull out Values in Concrete and corresponding 
Concrete Strengths for NCHRP Strand D
y = 2.4161x0.6677
R2 = 0.8431






























Figure 4.4: NASP in Concrete for NCHRP Strand D 
4.6.5 NASP Pull out Values and Concrete Strengths for 0.6 in. NCHRP Strand A 
The results from the modified NASP pull out values in concrete and the 
corresponding concrete strengths are plotted in Fig. 4.5 for the 0.6 in. diameter NCHRP 
Strand A.  The standardized NASP test resulted in a NASP value of 18.29 kips.  The 
linear and the power regression models are presented in Fig. 4.5.  The R2 values are 0.86 
and 0.92 for the linear and the power regression models respectively.   
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NASP Pull out Values in Concrete and corresponding 
Concrete Strengths for NCHRP Strand A(0.6 in.)


































Figure 4.5: NASP in Concrete for 0.6 in NCHRP Strand A 
 
4.6.6 NASP Pull out Values and cif ′  
The NASP pull out values and the square root of the concrete strengths are 
presented for all the strands tested in concrete in Fig. 4.6.  The linear best fit lines are 
plotted in the figure with the corresponding R2 values for all the four strands tested in the 
modified NASP test in concrete.  As seen in Fig. 4.6, the best fit curves tend to have a 
steeper slope for strands with higher NASP values in the same range of concrete 
strengths.  The figure evidence that the NASP value increases with increase in concrete 
strengths, and the high performing strands have a steeper best fit line.  This shows that for 
a given change in the concrete strength, the NASP results can have a higher variation for 
the high performing strands (strands with higher NASP values) when compared to the 
moderate performing strands (strands with lower NASP values). 
 97
































Figure 4.6: NASP Pull out values and cif ′ for all strands 
4.6.7 NASP Pull out Values and Concrete strengths for all strands 
The data presented in Table 4.3, and discussed in sections 4.6.1 through 4.6.5 are 
presented together in Fig. 4.7.  The figure includes four 0.5 in. diameter strands and one 
0.6 in. diameter strands.  The concrete strength during the modified NASP test is plotted 
against the normalized NASP values.  The NASP values are normalized by dividing the 
NASP result in concrete from the test over the NASP value from the standardized test in 
mortar.  The results for the NASP results in concrete and the standardized test are 
presented in Table 4.3.  Assuming a power regression fit, the R2 value for the test data 
show 0.80.  The high R2 value shows that the power regression equation closely agrees 
with the test data. 
( ) 51702.049139.0 ciconcrete fNASP
NASP ′=  
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Figure 4.7: Normalized NASP Pull out values concrete strengths 
The equation is modified to fit the NASP values as a function of the square root of 
concrete strengths.  The Fig. 4.8 plots the NASP pull out values normalized in grout 
plotted against the square root of the concrete strength.  The linear regression results in 





NASP ′= 51.0  
If the NASP result in concrete and the NASP result from the standardized test is 
the same, the NASP test in concrete has to be conducted for 4 ksi concrete.  Recalling 
from Chapter 3, the NASP test in mortar specifies a strength range of 4.75±0.25 ksi.  The 
reason for the higher strength requirement in mortar is due to the lack of coarse 
aggregates in the mix.  The models show that the coarse aggregates in the concrete mix 
helps in additional bond with the concrete.  
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Figure 4.8: Normalized NASP Pull out values and cif ′  
4.7 SUMMARY AND CONCLUSIONS 
The modified NASP test in concrete was conducted on three 0.5 in. diameter 
strands and one 0.6 in. diameter strand.  The tests were conducted in concrete using the 
NASP test protocols discussed in Chapter 3.  The purpose of the study was to understand 
the effects of high concrete strength on the NASP test.  
The modified NASP test was conducted for a particular type of strand with 
varying concrete strengths.  The test results show that the concrete strength contributes to 
the NASP test results in concrete.  The higher concrete strength results in higher NASP 
results in the modified test.  The data shows that the linear regression lines are steeper for 
high bonding strands when compared to the strands with lower NASP values.  
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Normalizing the modified test results with the standard NASP test, results in the 






NASP ′= 51.0  
Using this equation, it is possible to predict the standardized NASP value in 













5.0 TRANSFER LENGTHS AND COMPARISONS TO  
NASP TESTS 
 
The research aims to assess the effects of varying concrete strengths on strand 
bond.  The beams were made with a target one day concrete strength of 4000, 6000, 8000 
and 10,000 psi. The 6000 psi release strength concrete beams were made using air 
entrained and non-air entrained concrete to study its effects on transfer lengths.  The 
prototype beams had different strand patterns and two different cross sectional shapes.  A 
total of 43 rectangular shaped beams and eight I-shaped beams were cast using four 
different strand sources.  The rectangular shaped beams manufactured for this research 
program included beams with two bottom strands alone, and beams with two bottom 
strands and two top strands.  Beams were also cast using 0.6 in. diameter strands.  The I-
shaped beams were made using 0.5 in. and 0.6 in. diameter strands.    Three different 
sources for 0.5 in. diameter strands with varying bond properties and one source for 0.6 
in. diameter strand were employed in this research program.  
Transfer lengths at release and at longer time intervals were measured on all 
beams by measuring strand end slips.  Comparisons were also performed on measuring 
the transfer lengths using the concrete surface strains.  The beams were cast at Core Slab 
Structures Inc. at Oklahoma City, Oklahoma. 
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5.1 SCOPE OF RESEARCH 
Transfer lengths were measured on pretensioned beams made with concrete of 
various strengths.  The research program included the fabrication and casting on the 
rectangular shaped and I-shaped prestressed concrete beams.  Three different 0.5 in. 
diameter strands were used Strand A, Strand B, and Strand D.  Strand A and B are “good 
performers” as measured by the NASP Bond test.  Strand A has an average NASP value 
of 20.95 kips and  Strand B has an average NASP value of 20.21 kips.  Strand D, the 
“moderate performer” has an average NASP value of 6.87 kips. The 0.6 in diameter 
Strand A which had a NASP value of 18.29 kips was used in transfer length testing as 
well.   
Table 5.1 presents the scope of the number of beams fabricated for measuring the 
transfer lengths on the prototype beams.  Following describes the basic types of beams 
that were made. 
1. Rectangular shaped prestressed concrete beams (both 0.5 and 0.6 in.) 
a) Two strand beams (Two bottom strands alone) 
b) Four strand beams (Two bottom strands and two top strands) 
2. I-shaped prestressed concrete beams 
a) 0.5 in. diameter strands (Five strand beams)  






Table 5.1: Scope of Transfer Length testing 















Strand A Strand B Strand D Strand A 
Two Strand Rectangular Beams 
4 8 2 0 2 2 2 
6 10 2 2 0 2 3 
6 10 6 2 0 2 0 
8 14 2 2 0 2 3 
10 16 2 2 0 2 3 
Four Strand Rectangular Beams 
6 10 2 2 0 2 0 
8 14 2 2 0 2 0 
10 16 2 2 0 2 0 
I-Shaped Beams 
6 10 2 1 0 1 2 
10 16 2 1 0 1 2 
 
5.2 RESEARCH VARIABLES 
Research variables are concrete release strength, strand source, strand diameter, 
and number of strands and the cross sectional shape of the beam which included 6.5 x 12 
in. rectangular shaped beams and 24 in. deep I-shaped beams.  The concrete beams had 
targeted release strengths of 4, 6, 8, and 10 ksi.  The beams with release strength of 6 ksi 
were made using both air entrained and non-air entrained concrete. The strands used for 
beams with bottom strands alone had strands from four different sources which included 
0.5 in. diameter and 0.6 in. nominal diameter.  The strands with four strands had two 
bottom strands and two top strands.  The I-shaped beams were cast using 0.5 in. diameter 
strands and 0.6 in. diameter strands.  Parameters like strand handling, test location and 
curing procedures were held constant throughout the testing program. 
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5.2.1 Beam Number Identification 
The prototype beams manufactured for this research program uses the following 




R: Rectangular 6.5” x 12” 
I: “I” Shaped beams 
Strand Source 
A, B, or D for 0.5 in. strand 
A for 0.6 in. strand 
Nominal Concrete Strength at Release 
4, 6, 8, or 10 ksi 
6A: for 6ksi with Air Entrainment 
Strand Size 
5 for 0.5 in. diameter 
6 for 0.6 in. diameter 
Specimen Number 
1, 2, or 3 the number in a series 
Top Strand 
If the rectangular beam contains top 
strands, T is used. Not applicable 
for “I” shaped beams 
 105
5.3 MATERIAL PROPERTIES 
All prestressing strands used for this research program are seven wire 270 ksi low 
relaxation strands from manufacturers in North America.  The strands conformed to 
ASTM A416 specifications.  The prestressing strands haave a nominal diameter of 0.5 in. 
(12.7 mm) or 0.60 in. (15.2 mm). The nominal cross sectional area is 0.153 sq in. (98.7 
mm2) for 0.5 in. diameter strands and 0.217 sq in. (140 mm2) for 0.60 in. diameter strand.  
The modulus of elasticity of the prestressing strands is 28,500ksi (196.3 GPa) for both 
0.5 in. and 0.6 in. diameter strands. 
The concrete mixtures used for making the prestressed concrete beams at 
Coreslab Structures, Oklahoma City included Type III cement from Lafarge North 
America, Coarse and fine aggregate from Dolese Brothers, cement slag from Lafarge 
North America, and admixtures like high range and low range water reducers and air 
entraining admixtures from Degussa Admixtures Inc.  
 
5.4 PROCEDURE FOR CASTING THE PRESTRESSED CONCRETE BEAMS 
5.4.1 Rectangular Shaped Beams 
The rectangular shaped beams are made with a 6.5 x 12 in. cross section and 17 ft 
lengths. The rectangular beams were made with two different types of strand 
configuration shown in Figs. 5.1 and 5.2.  For one set of beams, two strands were used. 
For the other set, four strands were used.  For beams with two strands, two #6 bars were 
placed for 16 ft and 8 in.  The beams with four strands had the two #6 bars for 6 ft and 8 
in.  # 3 ties were placed in both the type of beams at 6 in. spacing.  For beams fabricated 
using the 0.6 in. diameter strands, the two strand configuration was used throughout the 
research.   
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Figure 5.1: Details of Four Strand Beams 
 
Figure 5.2: Details of Two Strand Beams 
#3 tie at 6" c/c 
2 – #6 x 16'-8" 
12 
6 ½  




2- #6 x 6'-8" 
#3 tie at 6" c/c 
2 – ½ in. ø Strands 
12 
6 ½  






Figure 5.3: Fabrication of Rectangular beams 
5.4.2 I-Shaped Beams 
The cross section of the I-shaped beams is shown in Figure 5.4.  The beams cast 
were with either five 0.5 in. diameter strands or four 0.6 in. diameter strands.  The I-
shaped beams made with 0.5 in. diameter strands had four strands cast in the bottom bulb 
and one strand near the top. The beams cast with 0.6 in. diameter strands had three 
strands in the bottom bulb and one strand at the top.  #3 ties were placed at 7 in. on center 
throughout the beam.  Longtudinal bars #4 x 96 in. were placed as shown.  Two bars 
were placed at the South end of every beam, and four bars were placed at the North end. 
Each longitudinal bar were anchored at the end of the beams with a standard 180° hook. 
The deck slab contained #3 bars at every 9 in.  Two #3 straight bars were placed in the 
longitudinal direction in the deck slab.  Internal hoop reinforcements made from #3 bars 
were placed in the form of triangular cages at both the ends of the beam at 4 in. on center 








# 3 Stirrups at 7" c/c
# 4 bars x 96" with 180° Standard Hooks 2" c/c
(4) Bars at North End and (2) Bars at South End
# 3 Bars @ 4" c/c Internal hoop reinforcement
72" from end









Figure 5.4: Details of I-Shaped Beams 
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5.4.3 Fabrication Procedures 
The formwork was placed in position for the beams depending on the casting 
layout.  Form oil was applied on the prestressing bed and all places where the formwork 
was made of sheet metal.  For I-shaped beams the side forms were made of sheet metal.  
Wood forms were used for the rectangular beams 
 Strands were cut to lengths at Oklahoma State University and transported to Core 
Slab Structures Inc.  Strands were placed in the forms and tensioned, care was taken to 
avoid contamination on the strand from dirt, oil or moisture.   
Splice chucks were used for the 0.5 in. diameter strands cast in rectangular forms 
as limited length of the “test” strand were available.  
 
Figure 5.5: Splice Chucks on ½ in diameter strands 
During the very first strand tensioning for the rectangular beam the measured 
elongations did not match the calculated elongations for the applied load.  Upon checking 
the winding of the strand patterns, it was discovered that strands with opposite lays were 
spliced together.  As strands were tensioned, the strands themselves were unwound, 
resulting in a tension force much smaller than expected. 
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After the strands and chucks were placed in position, the strands were then 
stressed to 75% of fpu.  The expected elongations were calculated and compared to the 
elongations measured on the prestressing bed at the “live end” (The end where the 




Where, Δ is the elongation in inches. 
A is the cross sectional area of the strand.  
0.153 sq.in for 0.5 in. diameter strands 
0.217 sq.in. for 0.6 in. diameter strands. 
E is the modulus of elasticity taken generically as 28,500 ksi 
L is the Gauge length, measured from the end of the far end chuck to the point 
where the elongation measurements are taken. 
P is the load in lb. 
 
The elongations were measured from a datum mark made on the prestressing bed 
at a distance of about 3 to 4 ft from the live end of the bed.  The strands were stressed to 
an initial level of 2000 lb.  Once the force on the strand reached 2000 lb, the strand was 
marked using a permanent marker coinciding with the datum level marking on the 
prestressing bed.  The strand was then stressed to a stress of 0.75 fpu or 202.5 ksi.  The 
elongation was then measured as the distance the mark on the strand moved from the 
datum marking on the prestressing bed.  Figure 5.6 shows the prestressing of the 0.5 in. 
diameter I-shaped beams using hydraulic jack. 
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Figure 5.6: Prestressing the strands using hydraulic ram 
5.4.4 Concrete Batching 
After placing the reinforcements, the concrete was made in the batching plant.  
The fresh properties of concrete - slump, unit weight, and air content were measured and 
checked before placing the concrete.  Extensive trial batching was performed (Tessema 
2006) to understand the fresh and hardened properties of the concrete mix designs.  If the 
fresh properties of unit weight, slump, or air content did not meet with the design 
expectations, the concrete was not used and batching was repeated.  After meeting the 
target fresh properties, concrete was placed using a “Tuckerbilt” concrete placement 
vehicle and thoroughly consolidated.  Concrete cylinders were then made at the site and 
placed in the same prestressing bed as the test beams till detensioning.  Steam curing was 
done if the ambient temperatures were low.  The test beams together with the concrete 
cylinders were kept under cover. 
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Figure 5.7: Vibrating concrete on I-beams 
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5.5 PROCEDURE FOR MEASURING TRANSFER LENGTHS 
The transfer lengths of the prestressed concrete beams were measured using two 
methods: 
1) End slip measurements, and; 
2) Concrete surface strain profiles. 
The transfer lengths were measured from the slip of the strand into the concrete which 
was measured on all the beams for all the strands.  The concrete surface strain method 
was used for one specimen on all the beams made with the variety of research variable 
discussed earlier.   
5.5.1 Instrumentation and Procedure for End Slip Measurements 
The difference of the end slips measured using an analog micrometer before and 
after de-tensioning from two individuals is averaged, for each end of the strand, on every 
beam made. Initial strand elongations were measured as described in Section 5.4.3. The 
strains were measured from the 2000 lb. initial force to the final force of 75% fpu 
depending on the diameter of the strand.  Figure 5.8 shows the end slip measurement on a 
rectangular beam using the analog micrometer.  The analog micrometer measured to the 
pricision of 0.001 in.  The two individuals measuring the slip came to close agreement in 
the values within 0.003 in. This is based on an average calculation for standard deviation 
from end slip measurements of 0.0015.  The data is found is Appendix G. 
Reference end clamps were firmly attached to the strands at an approximate 
distance of one inch from the end of the beams as shown in Fig. 5.8.  Reference end 
clamps were attached to all the strands at both the ends of all the beams.  The reference 
clamps were made at OSU for both 0.5 in. diameter and 0.6 in. diameter strands. 
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Figure 5.8: End Slip Measurement using analog micrometer 
 
The measured strand slips are directly related to strand transfer length.  This 
relationship was theorized (Anderson and Anderson 1976) and confirmed experimentally 
(Rose 1997) 
Figures 5.9(a) and 5.9(b) illustrate the variation of the prestressing stress through 
the transfer length.  As discussed in Chapter 2, transfer length Lt is the length required to 
reach the effective prestress on the strand, fse.  Fig. 5.9(a) shows the initial losses due to 
elastic shortening (ES) only.  Seating losses are accounted for in the strand elongation 
measurements made at tensioning and are not reflected in Fig. 5.9 (a).  After 
detensioning, the strand stress is reduced by ES. 
Figure 5.9(b) shows the effective prestress on the strand after all the losses, fse. 
Measured transfer lengths increases over time duet to time depended effects and as the 
strand stabilizes to an effective prestress.   
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The following equations presented shows the theoretical relationship for the end 
slip over the transfer lengths (Rose 1997) 













Les= Strand End Slip 
Lt= Transfer length 
Δc= Total Elastic Shortening of concrete in through the transfer zone 
Δps= Total Elastic Shortening of the prestressing strand through the transfer zone 
εsi= Initial Strain in the steel prior to release 
εc(x)= Concrete Strain after transfer varying with distance from end of the member 
εs(x)= Stress in the strand after transfer varying with distance from end of the member. 
Assuming a linear variation of steel and concrete strains, in the transfer zone, as in 



















Eps= Modulus of elasticity of the strand 











LL 2  
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Figure 5.9a: Strand Stress Variation with Length after Elastic Shortening 
 
Figure 5.9b: Strand Stress Variation with Length after all losses 
 














5.5.2 Instrumentation and Transfer Lengths from Concrete Surface Strains  
After curing the beams for 12 hours or more, the end and side forms of the beams 
are stripped.  The DEMEC (Detachable Mechanical) target points are glued using epoxy 
and hardener to the hardened concrete surface at four inches from the bottom for 
rectangular beams with bottom strands only, and at ten inches from the bottom for 
rectangular beams with both top and bottom strands at 100 mm interval horizontally.  The 
target points are glued at a distance of two inches from the corner on the slanting face for 
I-shaped beams.  The target points are glued on both sides of the beams for 80 in. from 
each end.   
After attaching the DEMEC target points using epoxy glue, DEMEC readings are 
taken using DEMEC Strain Gauge shown in Figure 5.10 between every 200 mm interval.  
The DEMEC readings were taken till the two individuals came to a close agreement with 
the values. After the initial readings are taken, the strand is flame cut between the dead 
men such that the strands in the beams are not affected by any physical damage at the 
ends. After flame cutting, the DEMEC readings are once again taken by two individuals. 
The strain profile is then plotted along the length of the beam from the data. The strain 




Figure 5.10: Concrete surface strain measurements using DEMEC gauge 
 
From the DEMEC measurement, the strains are calculated by multiplying with the 
DEMEC calibration constant. The concrete strains are plotted along the length of the 
beam from the north end as well as the south end. The strain profile is “smoothed” by 
averaging three points. The Average Mean Strain is found out by averaging the points on 
the strain plateau on North side and the South side independently. The measured transfer 
length from DEMEC is the location where the 95%AMS line intersects the Smoothed 
Strain profile.  Figure 5.11 shows the comparison between the “smoothed’ and the “un-
smoothed” profiles. 
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Typical Concrete Strain Profile 
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Figure 5.11: Typical Concrete Strain Profile 
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5.6 TEST RESULTS FROM TRANSFER LENGTH MEASUREMENTS 
The following section reports the transfer lengths from the slip of the strand and 
the transfer lengths from the concrete surface strain measurements discussed in earlier 
section.  The section also reports the effect of transfer lengths over time. 
5.6.1 Summary of Transfer Length at Release 
Tables 5.2 through 5.9 report the end slips and the corresponding transfer lengths 
at release for pretensioned concrete beams made at Coreslab Structures Inc.  The average 
transfer length X  reported in the tables is the average in inches for that particular strand 
at specific release strength.  The standard deviation S  is reported in inches for the data set 
from a single type of beam.  The measured release strength, cif ′  reported in psi is the 
average of three or more 4 x 8 in. cylinders placed in the same environmental conditions 
as the beams.  The 56 day strength )56(cf ′  reported in Table 5.2 through 5.7 is the 
average of three cylinders placed in laboratory curing conditions. Stand A and Strand B 
are reported in the same table because of their bond capability, as measured by the NASP 










Table 5.2: Summary of Transfer Length at Release from End Slips for Bottom 














































RB4-5-1 East 0.062 0.066 17.06 18.31
 West 0.071 0.066 19.78 18.66
RB4-5-2 East 0.087 0.081 24.13 22.47













RA6-5-1 East 0.075 0.073 20.66 20.24
 West 0.064 0.058 17.68 16.16
RA6-5-2 East 0.058 0.043 15.94 11.78
 West 0.062 0.066 17.12 18.23
RA6-5-1T East 0.071 0.068 19.39 18.7 
 West 0.074 0.068 20.62 18.93
RA6-5-2T East 0.069 0.069 18.7 18.84













RA8-5-1 East 0.045 0.049 12.01 13.09
 West 0.054 0.052 14.58 13.9 
RA8-5-2 East 0.052 0.044 13.9 11.74
 West 0.059 0.046 15.93 12.42
RA8-5-1T East 0.006 0.046 (a) 12.51
 West 0.015 0.055 (b) 14.71
RA8-5-2T East 0.054 0.058 14.52 15.6 













RA10-5-1 East 0.093 0.021 (c) (d) 
 West 0.084 0.049 (e) 13.57
RA10-5-2 East 0.046 0.055 12.75 15.25
 West 0.047 0.054 12.75 14.8 
RA10-5-1T East 0.064 0.044 17.74 12.06
 West 0.065 0.041 18.16 11.32
RA10-5-2T East 0.044 0.043 12.2 11.78













(a): Lt of 1.48 in. not included  (c): Lt of 25.65 in. not included   
(b): Lt of 5.26 in. not included (d): Lt of 5.82 in. not included  
(e): Lt of 22.89 in. not included   
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Table 5.3: Summary of Transfer Length at Release from End Slips for Bottom 














































RD4-5-1 East 0.113 0.114 31.69 32.11 
  West 0.125 0.110 33.88 29.93 
RD4-5-2 East 0.131 0.179 36.9 (a) 













RD6-5-1 East 0.109 0.111 29.88 30.42 
  West 0.113 0.095 30.6 25.71 
RD6-5-2 East 0.093 0.110 25.35 30.15 
  West 0.095 0.104 25.84 28.29 
RD6-5-1T East 0.088 0.092 23.89 25.12 
  West 0.086 0.097 23.43 26.59 
RD6-5-2T East 0.094 0.073 25.53 19.93 













RD8-5-1 East 0.078 0.077 21.16 20.89 
  West 0.069 0.070 19.13 19.41 
RD8-5-2 East 0.061 0.079 16.79 21.43 
  West 0.038 0.047 10.54 13.17 
RD8-5-1T East 0.128 0.107 35.63 29.78 
  West 0.057 0.095 15.94 26.34 
RD8-5-2T East 0.070 0.104 20.87 21.99 













RD10-5-1 East 0.085 0.059 23.48 16.16 
  West 0.104 0.063 28.59 17.54 
RD10-5-2 East 0.051 0.070 13.95 19.33 
  West 0.057 0.062 15.74 17.12 
RD10-5-1T East 0.079 0.059 21.76 16.22 
  West 0.077 0.064 21.1 17.4 
RD10-5-2T East 0.059 0.055 16.36 15.25 













(a): Excessive movement of the beams during flame cutting, Lt observed as 50.43 in. 
(b): Excessive movement of the beams during flame cutting, Lt observed as 47.48 in. 
(c): Excessive movement of the beams during flame cutting, Lt observed as 48.98 in. 
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Table 5.4: Summary of Transfer Length at Release from End Slips for Air 














































RA6A-5-1 East 0.070 0.064 19.26 17.47 
  West 0.058 0.065 16.22 17.88 
RA6A-5-2 East 0.096 0.082 26.41 22.63 













RD6A-5-1 East 0.130 0.108 36.25 30.04 
  West 0.127 0.104 34.55 28.15 
RD6A-5-2 East 0.076 0.078 21.16 21.79 














Table 5.5: Summary of Transfer Length at Release from End Slips for Top “A” 














































RA6-5-1T East 0.077 0.070 21.03 19.11 
  West 0.071 0.075 19.47 20.58 
RA6-5-2T East 0.069 0.069 17.07 16.52 













RA8-5-1T East 0.049 0.055 13.38 14.88 
  West 0.038 0.051 10.74 14.42 
RA8-5-2T East 0.064 0.058 17.61 15.7 













RA10-5-1T East 0.052 0.047 14.93 13.5 
  West 0.052 0.040 14.53 11.32 
RA10-5-2T East 0.037 0.039 10.63 11.2 

















Table 5.6: Summary of Transfer Length at Release from End Slips for Top “D” 














































RD6-5-1T East 0.100 0.177 27.91 21.46 
  West 0.099 0.073 27.52 20.26 
RD6-5-2T East 0.085 0.072 23.7 20.2 













RD8-5-1T East 0.081 0.060 22.06 16.45 
  West 0.064 0.069 17.61 18.84 
RD8-5-2T East 0.102 0.087 27.82 23.71 













RD10-5-1T East 0.062 0.057 16.79 15.56 
  West 0.064 0.060 17.27 16.32 
RD10-5-2T East 0.070 0.055 18.98 15.02 




































Table 5.7: Summary of Transfer Length at Release from End Slips for Bottom 








































S  cif ′  )56( dfc′
RA4-6-1 East 0.122 0.093 35.3 26.88 
  West 0.112 0.082 31.54 23.09 
RA4-6-2 East 0.103 0.108 29.93 31.23 













RA6-6-1 East 0.098 0.102 28.91 29.94 
  West 0.104 0.090 30.55 26.44 
RA6-6-2 East 0.116 0.097 34.07 28.46 
  West 0.100 0.108 29.23 31.73 
RA6-6-3 East 0.085 0.118 24.92 34.66 













RA8-6-1 East 0.094 0.093 27.25 27.11 
  West 0.099 0.106 29.17 31.24 
RA8-6-2 East 0.099 0.093 28.71 27.11 
  West 0.094 0.082 27.69 24.28 
RA8-6-3 East 0.096 0.103 27.98 29.88 













RA10-6-1 East 0.065 0.076 18.95 22.01 
  West 0.073 0.076 21.11 21.84 
RA10-6-2 East 0.066 0.078 19.24 22.59 
  West 0.042 0.073 12 20.97 
RA10-6-3 East 0.064 0.084 18.66 24.49 


























Table 5.8: Summary of Transfer Length at Release for I Beams 















































IB6-5-1 East 0.062 0.025 16.12 6.42 
  West 0.038 0.011 17.82 2.9 
  Cent. 0.040 0.035 10.93 9.45 













IB10-5-1 East 0.043 0.047 11.14 12.45
  West 0.038 0.037 10.03 5.8 
  Cent. 0.043 0.022 11.6 12.45














ID6-5-1 East 0.090 0.045 24.47 12.23
  West 0.083 0.009 23.47 2.56 
  Cent. 0.096 (a) 26.69 (a) 













ID10-5-1 East 0.070 0.070 19.03 19.03
  West 0.072 0.083 20.34 23.61
  Cent. 0.057 0.076 15.99 21.13












IA6-6-1 East 0.073 0.065 18.36 16.33
  West 0.120 0.089 29.83 22.21













IA6-6-2 East 0.038 0.056 9.62 14.18
  West 0.062 0.078 15.48 19.47













IA10-6-1 East 0.038 0.086 9.4 21.15
  West 0.058 0.023 14.35 5.81 













IA10-6-2 East 0.073 0.043 17.94 10.64
  West 0.056 0.044 13.85 10.76


















Table 5.9: Summary of Transfer Length at Release for I Beams  















































IA6-6-1 Top 0.092 0.038 22.84 9.36 





















































































(a): End Clamp loosed during detensioning 
 
 
Tables 5.10 through 5.12 reports the transfer lengths measured from the concrete 
surface strains and the transfer length measured using end slips on the pretensioned 
beams.  The data reported in end slip is the average transfer length of the east and the 
west strand for north and the south end independently.  For beams with top strands, the 
Tables 5.10 through 5.12 reports the transfer lengths for the top strands.  The tables are 





Table 5.10: Summary of Transfer Lengths at Release  
Strands "A/B" 




 N (in.) S (in.) N (in.) S (in.) 
RB4-5-1 Bot. 18.4 18.5 24.2 27.1 
RB4-5-2 Bot. 21.1 22.5     
RA6A-5-1 Bot. 17.7 17.7 16 17.5 
RA6A-5-2 Bot. 24.5 22     
RA6-5-1 Bot. 19.2 18.2     
RA6-5-2 Bot. 16.5 15     
RA6-5-1-T Top 20.3 19.8     
RA6-5-2-T Top 19.4 16.6     
RA8-5-1 Bot. 13.3 13.5 14.3 12 
RA8-5-2 Bot. 14.9 12.1     
RA8-5-1-T Top 12.1 14.7 12 15.6 
RA8-5-2-T Top 16.4 15.1     
RA10-5-1 Bot. 24.3 9.7 24.3 14.4 
RA10-5-2 Bot. 12.8 15     
RA10-5-1-T Top 14.7 12.4 12.5 11.7 
RA10-5-2-T Top 12.4 12.1     
IB6-5-1 Bot. 12.2   15.2   




Table 5.11: Summary of Transfer Lengths at Release Strands 
"D" 
End Slips DEMEC Beam Location 
N (in.) S (in.) N (in.) S (in.) 
RD4-5-1 Bot. 32.8 31 25.6 24.8 
RD4-5-2 Bot. 36.9       
RD6A-5-1 Bot. 35.4 29.1 39 26.4 
RD6A-5-2 Bot. 20.5 20.1     
RD6-5-1 Bot. 30.2 28.1     
RD6-5-2 Bot. 25.6 29.2     
RD6-5-1-T Top 27.7 20.9     
RD6-5-2-T Top 23.7 22.8     
RD8-5-1 Bot. 20.2 20.2 11.3 18.5 
RD8-5-2 Bot. 13.7 17.3     
RD8-5-1-T Top 19.8 17.6 12.4 12 
RD8-5-2-T Top 28.2 24.8     
RD10-5-1 Bot. 26 16.9 23.4 19.4 
RD10-5-2 Bot. 14.8 18.2     
RD10-5-1-T Top 17 15.9 16.1 15.7 
RD10-5-2-T Top 17.6 13.2     
ID6-5-1 Bot. 25.2   25.9   




















Table 5.12: Summary of Transfer Lengths at Release 
For bottom Strand "A" (0.6 in.) 
End Slips DEMEC  
Beam N (in.) S (in.) N (in.) S (in.) 
RA4-6-1 33.4 25.0 31.4 30.3 
RA4-6-2 30.2 29.3     
RA6-6-1 29.7 28.2 22.4 21.1 
RA6-6-2 31.7 30.1     
RA6-6-3 25.8 33.6     
RA8-6-1 28.2 29.2 19.5 22.0 
RA8-6-2 28.2 25.7     
RA8-6-3 22.8 28.3     
RA10-6-1 20.0 21.9 16.6 15.0 
RA10-6-2 15.6 21.8     
RA10-6-3 16.3 22.7     
IA6-6-2 24.3 26.1 15.9 16.2 
IA10-6-1 18.0   11.3   
IA10-6-2 16.0   16.5   
 
 
5.6.2 Transfer Lengths over time 
The Tables 5.13 through 5.16 reports the transfer length over time for rectangular 
shaped pretensioned beams with target release strengths of 6, 8, and 10 ksi.  The transfer 
length at release and at approximately 60, 90, and 240 days from release is reported from 
the end slips.  The results for the bottom strands A, D and 0.6 in. diameter A are tabulated 
in Tables 5.13, 5.14, and 5.15.  The top strands are tabulated in Table 5.16.   
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Table 5.13: Summary of Transfer Length over time for 0.5 in. diameter “A/B” Strands in Rectangular beams 
Transfer Length at 
Release from End Slips 
(in.) 
Transfer Length after 
approx. 60 days End Slips 
(in.) 
Transfer Length after 
approx. 90 days End Slips 
(in.) 
Transfer Length from 
approx. 240 days End 
Slips  (in.) 
North South North South North South North South 
Beam Number 
Average W & E Average W & E Average W & E Average W & E 
RB4-5-1 18.42 18.48 22.11 20.52         
RB4-5-2 21.11 22.46 22.52 23.78         
Average 20.12 22.23   
RA6A-5-1 17.74 17.68 25.23 26.62 26.33 28.14 26.54 28.55 
RA6A-5-2 24.50 22.02 28.92 27.72 31.41 29.03 31.75 29.38 
Average 20.49 27.12 28.73 29.06 
RA6-5-1 19.17 18.20 33.07 28.86 33.07 29.55 33.69 30.03 
RA6-5-2 16.53 15.01 26.57 20.82 26.56 23.38 27.95 23.52 
RA6-5-1-T 20.00 18.82 31.92 26.29 34.06 28.36 34.06 28.56 
RA6-5-2-T 18.89 17.55 45.33 35.77 47.82 42.71 49.55 43.34 
Average 18.02 31.08 33.19 33.84 
RA8-5-1 13.30 13.50 15.59 21.13 17.68 21.46 24.91 22.54 
RA8-5-2 14.92 12.08 22.07 19.24 23.69 19.71 35.23 19.98 
RA8-5-1-T 3.37 13.61 11.59 21.29 11.66 25.11 12.80 27.27 
RA8-5-2-T 13.54 14.48 22.03 24.25 23.31 25.40 24.05 25.33 
Average 12.35 19.65 21.00 24.01 
RA10-5-1 24.27 9.69 23.92 9.83 24.13 12.11 24.34 13.14 
RA10-5-2 12.75 15.02 16.47 16.67 18.05 17.23 19.15 17.30 
RA10-5-1-T 17.95 11.69 19.00 14.40 19.07 15.30 19.62 15.93 
RA10-5-2-T 11.83 13.16 16.28 16.01 16.56 16.29 17.33 16.43 
Average 14.54 16.57 17.34 17.90 
  
 132
Table 5.14: Summary of Transfer Length over time for 0.5 in. diameter “D” Strands in Rectangular beams 
Transfer Length at 
Release from End Slips 
(in.) 
Transfer Length after 
approx. 60 days End Slips 
(in.) 
Transfer Length after 
approx. 90 days End Slips 
(in.) 
Transfer Length after 
approx. 240 days End Slips  
(in.) 
North South North South North South North South 
Beam Number 
Average W & E Average W & E Average W & E Average W & E 
RD4-5-1 32.78 31.02 38.56 42.27         
RD4-5-2 42.19 49.70 63.04 51.81         
Average 38.93 48.92   
RD6A-5-1 35.40 29.10 37.39 34.47 39.40 36.41 39.94 37.16 
RD6A-5-2 20.48 20.08 26.26 35.24 30.73 39.37 32.39 40.07 
Average 26.26 33.34 36.48 37.39 
RD6-5-1 30.24 28.07 43.00 38.57 46.82 44.37 49.75 45.26 
RD6-5-2 25.60 29.22 36.79 39.87 41.99 44.72 44.24 48.27 
RD6-5-1-T 23.66 25.85 38.10 38.09 40.76 42.20 42.89 45.27 
RD6-5-2-T 25.10 21.82 65.45 39.67 69.56 44.05     
Average 26.19 42.44 46.81 45.95 
RD8-5-1 20.15 20.15 28.34 26.55 32.66 30.33 39.08 34.54 
RD8-5-2 13.66 17.30 34.14 46.08 36.82 47.73 37.38 50.41 
RD8-5-1-T 25.78 28.06 23.98 38.41 30.63 41.05 27.73 44.59 
RD8-5-2-T 19.93 22.50 49.52 32.36 50.91 33.26 52.86 35.00 
Average 20.94 34.92 37.92 40.20 
RD10-5-1 26.03 16.85 26.31 25.27 26.45 26.51 30.24 27.14 
RD10-5-2 14.85 18.23 17.47 20.16 18.71 22.30 22.30 22.03 
RD10-5-1-T 21.43 16.81 23.51 19.77 23.51 21.63   23.77 
RD10-5-2-T 16.74 15.92 24.05 23.01 25.98 23.01 28.18 23.01 
Average 18.36 22.44 23.51 25.24 
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Table 5.15: Summary of Transfer Length over time for 0.5 in. diameter “A” and “D” Top Strands in 
Rectangular beams Top Strands 
Transfer Length at 
Release from End Slips 
(in.) 
Transfer Length after 
approx.  60 days End 
Slips (in.) 
Transfer Length after 
approx. 90 days End 
Slips (in.) 
Transfer Length after 
approx. 240 days End 
Slips  (in.) 
North South North South North South North South 
Beam Number and 
Location 
Average W & E Average W & E Average W & E Average W & E 
RA6-5-1-T (Top) 20.25 19.84 33.01 32.69 34.46 34.96 34.60 34.89 
RA6-5-2-T (Top) 19.44 16.61 37.07 35.15 39.33 37.28 40.64 37.49 
Average (Top) 19.04 34.48 36.51 36.90 
RA8-5-1-T (Top) 12.06 14.65 24.27 24.67 24.96 26.18 25.16 27.21 
RA8-5-2-T (Top) 16.37 15.13 27.30 27.30 28.20 28.68 28.96 29.44 
Average (Top) 14.55 25.88 27.00 27.69 
RA10-5-1-T (Top) 14.73 12.41 21.59 18.79 22.16 19.43 22.16 19.70 
RA10-5-2-T (Top) 12.37 12.10 14.29 22.15 15.42 22.22 15.63 22.36 
Average (Top) 12.90 19.21 19.81 19.96 
RD6-5-1-T (Top) 27.71 20.86 53.89 56.65 57.32 59.03 58.79 60.29 
RD6-5-2-T (Top) 23.66 22.81 49.07 48.64 57.90 53.33 63.27 54.49 
Average (Top) 23.76 52.06 56.89 59.21 
RD8-5-1-T (Top) 19.84 17.64 35.57 35.90 40.15 39.59 41.18 42.47 
RD8-5-2-T (Top) 28.25 24.82 65.51 67.04 67.56 68.62 68.52 68.62 
Average (Top) 22.64 51.01 53.98 55.20 
RD10-5-1-T (Top) 17.03 15.94 26.10 24.12 27.87 26.36 30.19 27.11 
RD10-5-2-T (Top) 17.58 13.15 24.81 23.58 26.30 24.95 26.58 26.99 





Table 5.16: Summary of Transfer Length over time for 0.6 in. diameter “A” Strands in Rectangular beams 
Transfer Length at 
Release  
from End Slips (in.) 
Transfer Length approx.  
after 60 days End Slips 
(in.) 
Transfer Length approx. 
 after 90 days End Slips 
(in.) 
Transfer Length approx. 
After 240 days End Slips  
(in.) 
North South North South North South North South 
Beam Number 
Average W & E Average W & E Average W & E Average W & E 
RA4-6-1  33.42 24.98             
RA4-6-2 30.24 29.35             
 29.50    
RA6-6-1  29.73 28.19 36.87 41.73 39.00 44.45 40.85 55.13 
RA6-6-2 31.65 30.10 47.03 46.36 49.24 48.20 52.18 49.37 
RA6-6-3 25.83 33.63 39.73 44.60 44.08 44.82 44.96 45.93 
Average 29.85 42.72 44.97 48.07 
RA8-6-1 28.21 29.17 42.46 41.87 43.87 43.26 45.48 43.41 
RA8-6-2 28.20 25.70 42.68 38.55 46.28 42.35 46.35 42.37 
RA8-6-3 22.80 28.26 36.85 44.00 41.17 46.93 43.00 49.22 
Average 27.06 41.07 43.97 44.97 
RA10-6-1 20.03 21.92 25.69 25.77 28.08 28.82 29.98 32.15 
RA10-6-2 15.62 21.78 20.99 25.99 26.14 29.47 26.79 30.70 
RA10-6-3 16.34 22.73 24.46 28.82 26.13 32.30 27.73 33.32 








5.7 DISCUSSION OF TRANSFER LENGTH MEASUREMENTS 
Transfer lengths were measured from the end slips as explained in Section 5.5.3 
on all the prestressed concrete beams.  The results are detailed in Section 5.6.  This 
section makes comparison between the transfer lengths at release and the concrete release 
strengths.   
5.7.1 Transfer Length for Rectangular Beams 
Figures 5.12 through 5.17 show the variation of transfer length in rectangular 
beams with increase in concrete release strengths.  The strand designations shown on the 
charts represents the NCHRP Strand IDs.  
Figures 5.12 through 5.17 shows the variation transfer lengths can have on 
concrete release strengths.  The data presented in the figures are reported in Section 5.6.1.  
The data reported in the figures contain the transfer length data measured from end slips.  
The regression analysis is performed on the data set to show the variations transfer 
lengths can have over the measured concrete release strengths, cif ′ . The data in the plot 
contains only the bottom strands in rectangular beams.  The data presented in Figs. 5.12 
through 5.17 do not include the transfer length data from beams fabricated with Air 
Entraining Admixture. 
Figure 5.12 presents the data for both Strand A and Strand B.  The data show a 
coefficient of determination of 0.64 for transfer lengths over the concrete strengths.  Due 
to the spalling of the surface concrete while measuring the end slips, transfer lengths of 
25.65, 22.89, and 5.82 in. were not included for the cif ′ of 9711 psi.  The transfer length 
of 11.78 in. was omitted in the 6183 psi data set.  However, the data is shown in the 




Variation of Transfer Lengths with Concrete Release 
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Figure 5.12: Transfer Length vs. cif ′  for Strands A/B in Rectangular Beams 
The data presented in Fig. 5.12 included all the data for all strands.  The data for 
the east and the west strand is averaged and presented in Fig. 5.13 to represent single 
transfer length measurement for the North and South end independently.  The regression 
analysis performed with the overall average of transfer length results in an R2 value of 
0.95 showing a higher correlation with averaged values in transfer lengths for Strand 
















3 4 5 6 7 8 9 10 11














Data points are average of East of West
Regression is performed on the overall average for all the data at a specific strength
 
Figure 5.13: Average Transfer Length vs. cif ′  for Strands A/B in Rectangular Beams 
 
Figure 5.14 plots the variation of concrete release strength with the transfer 
lengths on Strand D.  The correlation for the transfer length measurements made using 
end slips is 0.66 for the set of data presented in the figure.  The transfer length 
measurements with larger variations are not included in the data set.  The higher variation 
in the data set is an inherent property of the transfer length measurements.  The data 
presented in Fig. 5.15 shows the averaged data between the east and the west strands on 
each end of a particular beam.  For the overall average transfer length measurements for 
Strand D at a particular concrete strength, the R2 value increases to 0.98 showing a high 





Variation of Transfer Lengths with Concrete Release 
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Figure 5.14: Transfer Length vs. cif ′  for Strand D in Rectangular Beams 


























Data points are average of East of West
Regression is performed on the overall average for all the data at a specific strength
 




The variation of transfer lengths and cif ′  for 0.6 in. diameter Strand A is presented 
in Fig. 5.16.  The R2 value of 0.64 indicates that the concrete strength has significant 
effects on the transfer length measurements.  The averaged data for each end of the beam 
is represented in Fig. 5.17 where the R2 value increases further to 0.97. 
Variation of Transfer Lengths with Concrete Release 
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Concrete Strengths and Average Transfer Lengths for 


























Data points are average of East of West
Regression is performed on the overall average for all the data at a specific strength
 
Figure 5.17: Average Transfer Length vs. cif ′  for Strand A (0.6 in.) in Rectangular Beams 
 
The variations reported in this section for the transfer lengths measured are 
principally caused by the variations in the end slip and not from the measurement 
techniques discussed in previous section.  The variations observed in this data conform to 
the variations in the transfer lengths observed in the past.  The scatter in the transfer 
lengths reported from various studies (Tabatabai 1993) for 0.5 in. diameter strands were 
approximately between 15 to 75 in. as seen in Fig. 2.6 in Chapter 2.   
The effect of transfer lengths on the concrete strength is significant on all the 
strands used in the prototype beams.  The relationship is not too strong because of the 
inherent nature in the variations of transfer lengths.  If the data used is the average 




5.7.2Transfer Length for I-shaped beams 
The variations of transfer lengths with concrete release strengths for the I-shaped 
beams are shown in Figures 5.22, 5.23 and 5.24.  It is observed that the Figs. 5.22 and 
5.23 have two types of concrete release strengths.  The correlations between them are not 
plotted as there are not three or more release strength data points.  Figure 5.24 plots data 
for three types of concrete release strengths.  As two of the release strength data is very 
close to each other 10480 and 10590 psi, the R2 is not reported as there is no sufficient 
spread in the concrete strengths.  
 
Variation of Transfer Length from End Slips with Concrete 
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Variation of Transfer Length from End Slips with Concrete 


































Figure 5.19: Transfer Lengths and Concrete Strengths for Strand D in I-beams 
Variation of Transfer Length from End Slips with Concrete 
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A similar trend in the transfer length measurements measured on rectangular 
beams with high scatter in the transfer length data is observed for the I-shaped beams as 
well.  The inherent nature of the transfer length measurement is the cause for the 
variations.  The measuring techniques do not cause the transfer length measurements to 
scatter. 
5.7.3 Transfer Lengths over time 
The increase in transfer lengths over time is reported in Section 5.6.  The results 
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For Strand A, the high performing strand, and Strand D, the moderate performer, 
the increase in transfer lengths over time for the bottom strand beams is similar.  For 
target release strength of 6 ksi, the increase in transfer length over approximately 240 
days is 42% for both Strand A and D.  For target release strengths of 6ksi with air 
entrainment and 8 ksi beams, the increase in transfer length over 240 days is 88% for 
Strand A and 86% for Strand D, and 94% for Strand A, and 92% for Strand D 
respectively.  For high strength concrete, with target release strength of 10 ksi, the 
increase is 23% and 37% for Strand A and D respectively. 
The increase in transfer lengths for the top strands in rectangular beams is more 
significant than the bottom strands.  The increase in transfer lengths is higher on 
moderate performing strands when compared to the high performers.  For 6, 8, and 10 ksi 
release strengths, the increase is 94%, 90%, and 55% for Strand A, and 149%, 144%, and 
74% for Strand D for the top strands alone.   
The increase in transfer lengths for 0.6 in. diameter bottom strands is lower when 
compared to the 0.5 in. diameter strands.  The increase of 61%, 66%, and 53% is 
observed on 6 ksi, 8 ksi, and 10 ksi target release strength beams. 
 
5.7.4 Comparing Transfer Lengths from End Slips and DEMEC  
As discussed, the transfer lengths were measured from the end slips and the 
concrete surface strains.  Table 5.17 compares the differences in measurements from end 






Table 5.17:  Transfer Lengths from End Slips and Concrete 
Surface Strains 
 




RB4-5-1 North 18.42 24.18 
RB4-5-1 South 18.48 27.11 
IB6-5-1 North 12.19 15.22 
IB10-5-1 North 11.10 11.02 
RA6A-5-1 North 17.74 16.01 
RA6A-5-1 South 17.68 17.47 
RA8-5-1 North 13.30 14.31 
RA8-5-1 South 13.50 12.00 
RA10-5-1 North 24.27 24.34 
RA10-5-1 South 9.69 14.37 
RA8-5-1-T North 12.06 12.02 
RA8-5-1-T South 14.65 15.61 
RA10-5-1-T North 14.73 12.45 
RA10-5-1-T South 12.41 11.69 
RD4-5-1 North 32.78 25.57 
RD4-5-1 South 31.02 24.79 
RD6A-5-1 North 35.40 39.01 
RD6A-5-1 South 29.10 26.35 
RD8-5-1 North 20.15 11.32 
RD8-5-1 South 20.15 18.49 
RD10-5-1 North 26.03 23.38 
RD10-5-1 South 16.85 19.42 
RD8-5-1-T North 19.84 12.38 
RD8-5-1-T South 17.64 11.96 
RD10-5-1-T South 17.03 16.09 
RD10-5-1-T South 15.94 15.67 
ID6-5-1 North 25.23 25.90 
ID10-5-1 North 17.50 19.72 
RA4-6-1 North 33.42 31.43 
RA4-6-1 South 24.98 30.26 
RA6-6-1 North 29.73 22.40 
RA6-6-1 South 28.19 21.14 
RA8-6-1 North 29.17 19.46 
RA8-6-1 South 28.21 21.95 
RA10-6-1 North 20.03 16.63 
RA10-6-1 South 21.92 14.96 
IA6-6-2 North 24.27 15.89 
IA6-6-2 South 26.11 16.19 
IA10-6-1 North 17.95 11.31 





The results in Table 5.17 are used to analyze the correlation between the data.  
The coefficient of determination between the transfer lengths inferred from end slip 
reference clamps and the concrete surface strain profiles are reported in Table 5.18 for 
each strand groups.  It is seen that the “B” Strand group shows a high correlation value R2 
of 0.9627 and the 0.6 in. diameter Strand A shows the lowest value of 0.4743.  The 
correlation coefficients of the 0.5 in. diameter Strands A and D are 0.7704 and 0.708 
respectively.  The Figure 5.25 plots all the data from the End slips and DEMEC readings 
in Table 5.18.  A coefficient of determination, 0.542 is seen for the data set.  The reason 
for a low coefficient of determination is because of the low correlations seen for the 0.6 
in. diameter strands. 
The 0.5 in. diameter strands showed a better correlation in transfer lengths 
between the end slips and concrete surface strains than the 0.6 in. diameter strands.   
 
Table 5.18: Coefficient of 
Determination of transfer length 
between End Slips and Surface Strains 
for Strand Groups 
Strands Diameter (in) 
Correlation 
Coefficients (R2) 
A 0.5 0.7704 
B 0.5 0.9627 
D 0.5 0.7080 
A 0.6 0.4743 
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Figure 5.25: Comparing transfer lengths from DEMEC and End Slips 
 
5.7.5 Scatter of the Transfer Length data 
Transfer length measurements have always shown a considerable amount of 
scatter in the data.  The research conducted (Russell 1992; Tabatabai 1993) in a historical 
perspective discussed in Chapter 2 shows the variability the transfer length measurements 
can have on a particular strand diameter.   
 
While flame cutting, the strands experience a violent reaction which cause the 
beams to move for considerable lengths.  Some of the strands were detensioned to avoid a 
violent reaction.  As the stress relieving methods were not consistent throughout the 
testing program, scatter in the transfer lengths can be attributed the same reason.  It is 




after flame cutting.  (The reference position seen at the end of the beam on Fig. 5.26 is at 
point 4 on the beam.  Each of the points are 100 mm away from each other.) 
      
Figure 5.26: Reference position before flame cutting for RD4-5-1 
 
 
Figure 5.27: Moved RD4-5-1 after flame cutting 
 
In order to understand the scatter in the data, histograms are constructed using the 




significant amount of data points are necessary.  The histograms shown in Figures 5.28 
though 5.33 are constructed for strand groups with concrete release strength of 6000 psi 
and 10, 000 psi on 0.5 in. diameter NCHRP Strands A, B, D and 0.6 in. diameter NCHRP 
A.  The histograms in Figs. 5.28 through 5.33 show the transfer length at release plotted 
against the number of transfer lengths inferred from the end slip of the strands using 
reference clamps.  The transfer lengths are plotted in a range of three inches.  The 
histograms show the average value (X) and the range of the average from the standard 
deviation (σ).  The data for plotting the histograms include only the bottom strands.  The 
beams are grouped in similar concrete release strengths and same source of strand.   
It can be seen that the transfer length reduces with increase in concrete release 
strength between the charts.  The data shows a significant scatter among each data set, 
though there is no general trend among the data. 
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Figure 5.29: NCHRP bottom Strand D in Beams with 10,000 psi release 
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Figure 5.31: NCHRP bottom Strand A/B in Beams with 10,000 psi release 








3 6 9 12 15 18 21 24 27 30 33 36
Transfer Lengths at Release
 

















































3 6 9 12 15 18 21 24 27 30 33 36
Transfer Lengths at Release
 
Figure 5.33: NCHRP bottom Strand A (0.6 in.dia.) in Beams with 10,000 psi release 
 
5.8 DISCUSSION OF TRANSFER LENGTHS AND NASP RESULTS 
 
The transfer lengths reported in earlier section is related to the concrete strengths 
and the NASP pull out test data discussed in earlier chapters.  The transfer lengths at 
release from the bottom strands in rectangular beams are plotted against the 
corresponding one day release strength for the prototype beams made with various 
concrete strengths.  Figure 5.34 show the linear regression lines for the three types of 
strands used in the beams.  The data for Strands A and B are treated together.  The figure 
contains the transfer length data for the east and the west strands for each end of the 
beams at release.  The overall average of the transfer lengths for a particular concrete 






















averages for a concrete strength.  The R2 values are 0.95, 0.98, and 0.97 for Strands A/B, 
Strand D, and 0.6 in. diameter Strand A respectively.  The regression lines for the three 
different types of strands used show that the increase in concrete strengths decreases the 
transfer lengths of the beams.  It is noted that the regression lines does not follow a 
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Regression is performed on the overall average for all the data at a specific strength
 




Though the linear regression model presented show correlations, a power model is 
also presented in Fig. 5.35.  The power regression model show similar correlations for all 
the strands. 
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Figure 5.35: Power Regression for Transfer Lengths and f'ci  
The bond stress ut is a function which is inversely proportional to the transfer 
lengths.  The power regression performed is to identify if a similar trend is seen for the 
transfer lengths against the concrete strengths.  
The transfer lengths after 60 days from release are plotted against the 56 day 
concrete strengths.  The transfer lengths plotted are the average transfer lengths of the 
west and the east strands for a particular beam.  The R2 reported is based on the overall 
averages for transfer length. Though it may seem that the transfer lengths and the 
concrete strengths will have higher correlations over time, the data does not confirm a 




vs. release strength. An observation on Fig. 5.36 show that the regression line for the 0.6 
in. diameter strand does not cross with the Strand D.  The decreasing trend of the transfer 
lengths with increase in concrete strength is observed from the data after 60 days from 
release. The R2 values for the transfer lengths at release and after 60 days are same for 
Strands A/B and Strand A6. However, the correlations are not strong for Strand D. 
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Figure 5.36: Transfer Lengths and Concrete Strengths after 60 days  
Chapter 4 results show that the bond stress in the NASP tests in concrete are 
directly proportional to cif ′ .  Transfer length is proportional to end slip, Les.  Both Lt and 
Les are inversely related to the bond stress ut in the transfer zone.  Therefore it is logical to 
plot the inverse of the end slip with concrete strengths. 
Due to the high variations in the transfer lengths, the end slips Les is plotted 
against the concrete strength for the prototype beams. As discussed earlier, end slip is the 




and the elongations.  Figure 5.37 plots the average end slip at each end of the prototype 
beam against the concrete release strengths for each of the strands independently. The 
regression is preformed based on the overall averages for a concrete strength.  For Strand 
A/B, Strand D, and 0.6 in. diameter Strand A, the R2 values are 0.93, 0.98, and 1.0 
respectively.  The experimental data shows that the increase in concrete strength results 
in a lower slip.  A power regression is assumed for the relationship between the end slips 
and the concrete strengths.  
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Figure 5.37: Inverse of End Slips and Concrete Release Strengths  














































* 1ε  
 
Where, 
ut = Bond Stress 
*
sef = Effective prestress after elastic shortening 
 psA = Area of the prestressing strand 
siε = Initial Strain in the strand  
psE = Modulus of Elasticity of the Prestressing Strand 
tre = Transformed Eccentricity 
trA = Transformed Area 
trI = Transformed Moment of Inertia 
By plotting the bond stresses using the above method, against the concrete 
strengths correlations between bond stress and concrete strength is greater than R2 for Lt 
vs. cif ′  
The NASP test results discussed in Chapters three and four related the 
standardized NASP test to the modified NASP test conducted in concrete.  The transfer 
length measurements made on the bottom strands for the rectangular prototype beams are 
related to the corresponding NASP value in concrete. 
Table 5.19 reports the transfer lengths measured using end slips on Strands A/B, 
Strand D and Strand A (0.6 in.) and the corresponding concrete release strength.  The 
transfer lengths reported in Table 5.19 reports only the transfer lengths on the bottom 




the beam designations. The following equation is used to interpolate the NASP values in 
concrete (NASPc) from the concrete release strength on the prototype beams.  The NASPc 
value is determined by the following equation: 
( ) 51702.049139.0 ciconcrete fNASP
NASP ′=  
Table 5.19: Interpolated NASP Values in Concrete from the 
Equation 
cif ′   
(ksi) 
Lt (in.) 







4.033 20.12 13.97 21.46 
6.183 18.02 15.47 25.63 
8.57 13.63 19.88 30.17 
9.711 13.71 21.76 32.12 
Strand D 
4.033 33.57 7.37 7.04 
6.183 26.19 10.26 8.71 
8.57 19.71 14.10 10.26 
9.711 18.36 14.95 10.92 
Strand A (0.6 in.) 
4.033 29.50 11.77 18.73 
4.855 29.85 12.20 20.55 
5.413 27.92 13.12 21.70 
9.15 20.73 18.05 28.22 
 
The data presented in Table 5.19 is graphically represented in Fig. 5.38.  The data 
is presented for three of the strands independently.  The end slip data for the 0.6 in. 
diameter strand is multiplied by 1.2 to correct for the bond area when comparing with the 
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Figure 5.38: Transfer Lengths and Interpolated NASP Values
From the experimental data, observations can be made on the end slips with a 
known concrete strength and NASP values.  AS the NASP value in concrete is a function 
of the concrete strength, predictions can be made on the transfer lengths. 
5.9 SUMMARY AND CONCLUSIONS 
The transfer length has significant scatter in the data as seen in past research 
conducted.  The transfer length inferred using the strand end slip measurements and the 
concrete surface strain readings are not highly correlated, though the correlations are 
strong for 0.5 in. diameter strands.  The 0.6 in. diameter strands did not show strong 
correlations among the data.  
The transfer length decreases with increase in concrete strengths.  The 
observations are evident for all the strands used in this research.  The transfer length 
increases over time. 
The NASP Pull out value is reliable to predict the transfer lengths.  It is seen that 
an increase in the NASP pull out value shows a decrease in transfer length for both low 
and high strength concrete beams. 
The NASP pull out values in concrete also show that the high NASP value in 
concrete has lower transfer length and the low NASP values have higher transfer lengths. 
The NASP value can be used as a reliable predictor for understanding the bonding 
















6.0 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
 
This research program included setting the protocols for the NASP Pull out test 
methodology, conducting the NASP Bond test in concrete, and measuring the transfer 
lengths on rectangular and I-shaped prestressed concrete beams.  The NASP bond test 
was conducted at three different locations to understand the repeatability of the Bond test.  
The NASP Bond test developed in cement-sand mortar was then conducted on concrete 
with varying strengths to correlate the results with transfer length measurements.     
The NASP Bond test was conducted using ten 0.5 in. diameter strand samples and 
two 0.6 in. diameter strand samples. The transfer length measurements were made on 
rectangular and I-shaped prestressed concrete beams with four different strand sources, 
four different target release strengths, and effects of air entrainments.  Some rectangular 
shaped beams had two strands at the bottom and some of the beams contained two 
strands at the bottom and two strands at the top.  The transfer lengths were determined 
using the end slip of the strands after detensioning using clamps attached on the strand.  
The transfer lengths were also measured using the concrete surface strain measurements. 
6.1 CONCLUSIONS  
 
1. The NASP Bond test is a repeatable and reliable test method. 
2. The NASP Bond test can be performed on 0.5 in. and 0.6 in. diameter 




3. The NASP Bond value increases with increase in mortar strength. 
4. The NASP Bond test shows higher correlations than the Moustafa Tests 
and the PTI Bond test conducted in the past. 
5. The NASP Test method can be used as a standardized test method. 
6. The NASP Bond test can predict the bond qualities of 0.5 in. and 0.6 in. 
diameter prestressing strands. 
7. The NASP Bond test performed in concrete can be related to the 





NASP ′= 51.0  
8. The transfer length is a function of the concrete strength. Higher the 
concrete strength, lower the transfer lengths. 
9. The pull out force from the NASP bond test is inversely proportional to 
the transfer lengths. 
10. The transfer length increases over time and is significant for strands with 
lower NASP pull out values. 
6.2 RECOMMENDATIONS  
 
1. The ACI 318 code equation for the transfer length should have a factor 
that will include the concrete strength at release. 
2. The NASP Bond test should be accepted as a standard test for bond in 
prestressing strands for prestressed concrete applications. 
3. Further NASP tests will have to be conducted to predict the performance 
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Batch  Number: 11 N 
Control Type: Displacement 
Testing Date: 23-Jan-04 
NASP Strand ID: G 










































B/MIN) 0.01 IN 0.10 IN 
1 4410   G1 7895 19352 21320 
2 4280   G2 6667 12760 15949 1 
3 4472   G3 7383 4795 11330 2 
4  4671  G4 7482 16616 21904 
5  4764  G5 6869 16880 22548 
6  4649  G6 7150 15549 20205 
7  4937  G7 7,150 13,605 17,853 
8  4528  G8 7,050 18,100 20,463 
9  4834  G9 6,869 17,127 21,783 
10   5100 G10 7,261 17,133 18,365 
11   4921 G11 7,090 16,415 20,347 
12   5120 G12 7,694 17,932 22,360 
AVG 4387 4730 5047 AVG 7,198 16,871 20,715 




C.O.V. 2.23% 3.08% 2.17% C.O.V. 5.11% 9.19% 7.74% 
*Loading Rate from 4000 to 6000 lbs 
1: The loading rate of 0.1 in/min was not followed. Data Discarded in Results 




Batch  Number: 14 N 
Control Type: Load 
Testing Date: 3-Feb-2004 
NASP Strand ID: G 











































B/MIN) 0.01 IN 0.10 IN 
1 4719   G1 4987 12016 14076 
2 4673   G2 5019 17882 21499 
3  4882  G3 4989 6842 15867 
4  5113  G4 5000 9443 21970 
5  4803  G5 5008 16506 19794 
6  4758  G6 4996 11583 22179 
7  5207  G7 4994 11702 18753 
8   5197 G8 4994 17563 23766 
9   5045 G9 5023 20027 23502 
10    G10 4998 13273 17328 
11    G11 4994 11426 18987 
12    G12 4994 11343 22369 
AVG 4696 4953 5121 AVG 5,000 13300 20007 




C.O.V. 0.70% 3.99% 2.10% C.O.V. 0.23% 29.19% 15.43% 
































Batch  Number: 15 N 
Control Type: Load 
Testing Date: 5-Feb-04 
NASP Strand ID: G 
LOAD (LB) 













B/MIN) 0.01 IN 0.10 IN 
1 4482   G1 4996 15124 21494 
2 4570   G2    
3  4828  G3 5000 15143 22354 
4  4911  G4    
5  4929  G5 5023 14849 22645 
6  4738  G6    
7  4671  G7 5025 17676 22947 
8   5064 G8    
9   4927 G9 4975 11733 19900 
10    G10    
11    G11 4965 14795 22218 
12    G12    
AVG 4526 4815 4996 AVG 4,997 14887 21926 




C.O.V. 1.37% 2.30% 1.94% C.O.V. 0.49% 12.70% 5.05% 




Batch  Number: 15 N 
Control Type: Displacement 
Testing Date: 5-Feb-04 
NASP Strand ID: G 
 






































B/MIN) 0.01 IN 0.10 IN 
1 4482   G1    
2 4570   G2 6904 14346 20571 
3  4828  G3    
4  4911  G4 7625 16070 21280 
5  4929  G5    
6  4738  G6 7071 16045 23505 
7  4671  G7    
8   5064 G8 7340 15030 21544 
9   4927 G9    
10    G10 7375 15242 19531 
11    G11    
12    G12 7418 14136 20691 
AVG 4526 4815 4996 AVG 7,289 15145 21187 




C.O.V. 1.37% 2.30% 1.94% C.O.V. 3.55% 5.40% 6.29% 


























Batch  Number: 17 N 
Control Type: Load 
Testing Date: 10-Feb-04 
NASP Strand ID: C 
LOAD (LB) 













B/MIN) 0.01 IN 0.10 IN 
1 4174   C1 5021 8122 8488 
2 4438   C2    
3  4339  C3 1    
4  4339  C4    
5  4609  C5 5009 8724 8857 
6  4422  C6    
7  4710  C7 5001 8256 8589 
8   4666 C8    
9   4747 C9 4999 9102 9382 
10    C10    
11    C11 5003 8060 8252 
12    C12    
AVG 4306 4484 4706 AVG 5,006 8453 8714 




C.O.V. 4.33% 3.74% 1.22% C.O.V. 0.18% 5.28% 4.96% 
*Loading Rate from 4000 to 6000 lbs 




Batch  Number: 17 N 
Control Type: Displacement 
Testing Date: 10-Feb-04 
NASP Strand ID: C 
 




































B/MIN) 0.01 IN 0.10 IN 
1 4174   C1    
2 4438   C2 7176 7924 6588 
3  4339  C3    
4  4339  C4 7372 8400 6785 
5  4609  C5    
6  4422  C6 7440 7508 1 
7  4710  C7    
8   4666 C8 6948 8182 6783 
9   4747 C9    
10    C10 7216 8929 7477 
11    C11    
12    C12 6944 9036 6899 
AVG 4306 4484 4706 AVG 7,183 8330 6906 




C.O.V. 4.33% 3.74% 1.22% C.O.V. 2.89% 7.05% 4.89% 
*Loading Rate from 4000 to 6000 lbs 




Batch  Number: 21 N 
Control Type: Load 
Testing Date: 17-Feb-04 
NASP Strand ID: G 
 












































B/MIN) 0.01 IN 0.10 IN 
1 3695   G1 7319 15450 19499 
2 3765   G2 7693 14694 17793 
3  4096  G3 7442 15766 21648 
4  4142  G4 7378 14799 19377 
5  4133  G5 7857 17557 19814 
6  3969  G6 7512 20010 21520 
7  3878  G7 7322 15062 20549 
8   4104 G8 7224 18530 18993 
9   3941 G9 7185 15333 20025 
10    G10 7475 14841 20630 
11    G11 7670 15891 21264 
12    G12 7540 14665 19581 
AVG 3730 4043 4023 AVG 7,468 16050 20058 




C.O.V. 1.32% 2.85% 2.87% C.O.V. 2.69% 10.77% 5.63% 




Batch  Number: 22 N 
Control Type: Displacement 
Testing Date: 18-Feb-04 
NASP Strand ID: C 
 















































B/MIN) 0.01 IN 0.10 IN 
1 4043   C1 7369 7149 6396 
2 3962   C2 7325 6682 6264 
3  3949  C3 6924 6210 5836 
4  4196  C4 7185 7241 6002 
5  4126  C5 7635 7267 6255 
6  4087  C6 4555 6108 5793 
7  4227  C7 7369 7127 6954 
8   4271 C8 7449 7584 5811 
9   4416 C9 5570 6184 5883 
    C10 6845 6685 6442 
    C11 774 4650 5328 
    C12 6924 6397 6346 
AVG 4003 4117 4344 AVG 6,327 6,607 6,109 




C.O.V. 1.44% 2.65% 2.36% C.O.V. 31.03% 11.93% 6.88% 




Batch  Number: 23 N 
Control Type: Displacement 
Testing Date: 26-Feb-04 
NASP Strand ID: G 
 













































B/MIN) 0.01 IN 0.10 IN 
1 3532   G1 7538 12159 16196 
2 3553   G2 7540 12210 14403 
3  3773  G3 7275 11725 16442 
4  3957  G4 7419 11119 16341 
5  4023  G5 7543 12219 15527 
6  4124  G6 7590 10978 14112 
7  4029  G7 7422 11798 18968 
8   3936 G8 7696 13308 18410 
9   3947 G9 7357 12987 17417 
10    G10 7321 11439 15389 
11    G11 7312 13077 18361 
12    G12 7470 11523 14770 
AVG 3542 3981 3941 AVG 7,457 12045 16361 




C.O.V. 0.42% 3.29% 0.20% C.O.V. 1.72% 6.34% 9.96% 




Batch  Number: 24 N 
Control Type: Displacement 
Testing Date: 3-Mar-04 
NASP Strand ID: C 
 














































B/MIN) 0.01 IN 0.10 IN 
1 6194   C1 7774 10622 8432 
2 5914   C2 7644 10323 8067 
3  5782  C3 7521 10004 8067 
4  5846  C4 7568 10184 8593 
5  5642  C5 7426 10098 8202 
6  5753  C6 7758 10638 8315 
7  5791  C7 8010 10780 8659 
8   5775 C8 7790 10869 9282 
9   6207 C9 7934 10619 8095 
10    C10 8033 10347 7965 
11    C11 7731 10641 8337 
12    C12 7670 8367 9081 
AVG 6054 5763 5991 AVG 7,738 10291 8425 




C.O.V. 3.28% 1.31% 5.09% C.O.V. 2.44% 6.46% 4.93% 




Batch  Number: 27 N 
Control Type: Displacement 
Testing Date: 21-May-04 
NASP Strand ID: K 
 






































B/MIN) 0.01 IN 0.10 IN 
1 4937   K1 15346 12496 20076 
2 4690   K2    
3  4987  K3 7248 11116 12553 
4  5111  K4    
5  4731  K5 7504 16388 22814 
6  4786  K6    
7  5053  K7 8197 15361 22618 
8   4974 K8    
9   4949 K9 7748 13461 17008 
10    K10    
11    K11 8321 17872 * 
12    K12    
AVG 4813 4933 4961 AVG 9061 14449 19014 




C.O.V. 3.63% 3.38% 0.36% C.O.V. 34.28% 17.57% 22.67% 




Batch  Number: 27 N 
Control Type: Displacement 
Testing Date: 21-May-04 
NASP Strand ID: L 
 






































B/MIN) 0.01 IN 0.10 IN 
1 4937   L1    
2 4690   L2 8407 13084 16904 
3  4987  L3    
4  5111  L4 8627 16574 20397 
5  4731  L5    
6  4786  L6 8026 13183 17136 
7  5053  L7    
8   4974 L8 7657 13683 17190 
9   4949 L9    
10    L10 8210 9959 18083 
11    L11    
12    L12 8517 14270 18029 
AVG 4813 4933 4961 AVG 8241 13459 17956 




C.O.V. 3.63% 3.38% 0.36% C.O.V. 4.34% 15.89% 7.20% 




Batch  Number: 28 N 
Control Type: Displacement 
Testing Date: 24-May-04 
NASP Strand ID: K 
 






































B/MIN) 0.01 IN 0.10 IN 
1 4665   K1 8173 17277 24008 
2 4814   L2    
3  4955  K3 8493 13649 19656 
4  4852  L4    
5  4780  K5 7844 14783 21074 
6  4791  L6    
7  4836  K7 8322 18347 24059 
8   5019 L8    
9   5125 K9 8463 18711 1 
10    L10    
11    K11 8229 15219 23297 
12    L12    
AVG 4740 4843 5072 AVG 8,254 16331 22419 




C.O.V. 2.23% 1.44% 1.47% C.O.V. 2.87% 12.68% 8.76% 
*Loading Rate from 4000 to 6000 lb 




Batch  Number: 28 N 
Control Type: Displacement 
Testing Date: 24-May-04 
NASP Strand ID: L 
 






































B/MIN) 0.01 IN 0.10 IN 
1 4665   K1    
2 4814   L2 7948 13825 18000 
3  4955  K3    
4  4852  L4 8214 12648 18876 
5  4780  K5    
6  4791  L6 7963 15424 19241 
7  4836  K7    
8   5019 L8 8492 14851 19425 
9   5125 K9    
10    L10 8281 13529 17581 
11    K11    
12    L12 8159 14538 18563 
AVG 4740 4843 5072 AVG 8,176 14136 18614 




C.O.V. 2.23% 1.44% 1.47% C.O.V. 2.51% 7.08% 3.85% 
*Loading Rate from 4000 to 6000 lb 




Batch  Number: 29 N 
Control Type: Displacement 
Testing Date: 26-May-04 
NASP Strand ID: A 
 







































B/MIN) 0.01 IN 0.10 IN 
1 4240   A1 6693 9287 13210 
2 4641   E2    
3  4486  A3 6820 11854 15908 
4  4681  E4    
5  4568  A5 6933 9747 12713 
6  4817  E6    
7  5064  A7 6932 9122 13929 
8   4960 E8    
9   4999 A9 7069 11163 14816 
10    E10    
11    A11 7331 10958 14233 
12    E12    
AVG 4440 4723 4980 AVG 6,963 10355 14135 




C.O.V. 6.39% 4.81% 0.54% C.O.V. 3.16% 10.84% 8.09% 




Batch  Number: 29 N 
Control Type: Displacement 
Testing Date: 26-May-04 
NASP Strand ID: E 
 






































B/MIN) 0.01 IN 0.10 IN 
1 4240   A1    
2 4641   E2 7112 13644 18117 
3  4486  A3    
4  4681  E4 7227 11466 14311 
5  4568  A5    
6  4817  E6 7164 11928 15188 
7  5064  A7    
8   4960 E8 7013 13169 16171 
9   4999 A9    
10    E10 6892 12136 15984 
11    A11    
12    E12 7285 13210 15922 
AVG 4440 4723 4980 AVG 7,115 12592 15949 




C.O.V. 6.39% 4.81% 0.54% C.O.V. 2.03% 6.87% 7.94% 




Batch  Number: 30 N 
Control Type: Displacement 
Testing Date: 27-May-04 
NASP Strand ID: J 
 





































B/MIN) 0.01 IN 0.10 IN 
1 4459   J1 7735 17086 20281 
2 4341   E2    
3  4629  J3 7712 15950 19170 
4  4614  E4    
5  4770  J5 7443 16930 18250 
6  4771  E6    
7  4833  J7 7742 15936 18992 
8   4933 E8    
9   4887 J9 7400 17526 19966 
10    E10    
11    J11 7805 17475 1 
12    E12    
AVG 4400 4723 4910 AVG 7,639 16817 19332 




C.O.V. 1.90% 2.05% 0.67% C.O.V. 2.25% 4.24% 4.18% 
*Loading Rate from 4000 to 6000 lb 




Batch  Number: 30 N 
Control Type: Displacement 
Testing Date: 27-May-04 
NASP Strand ID: E 
 







































B/MIN) 0.01 IN 0.10 IN 
1 4459   J1    
2 4341   E2 7206 12889 17026 
3  4629  J3    
4  4614  E4 7157 12421 17340 
5  4770  J5    
6  4771  E6 7071 11424 18016 
7  4833  J7    
8   4933 E8 7120 12938 17496 
9   4887 J9    
10    E10 7014 13522 17730 
11    J11    
12    E12 7473 12523 15682 
AVG 4400 4723 4910 AVG 7,173 12620 17215 




C.O.V. 1.90% 2.05% 0.67% C.O.V. 2.25% 5.56% 4.78% 




Batch  Number: 31 N 
Control Type: Displacement 
Testing Date: 28-May-04 
NASP Strand ID: J 
 






































B/MIN) 0.01 IN 0.10 IN 
1 4680   J1 7844 18209 20714 
2 4850   A2    
3  4937  J3 7648 16512 20562 
4  4901  A4    
5  4920  J5 7584 18245 22050 
6  4964  A6    
7  4914 5061 J7 7729 16743 20457 
8   5026 A8    
9    J9 7996 17812 22000 
10    A10    
11    J11 7071 17535 20756 
12    A12    
AVG 4765 4927 5043 AVG 7,645 17509 21090 




C.O.V. 2.52% 0.49% 0.49% C.O.V. 4.15% 4.20% 3.47% 




Batch  Number: 31 N 
Control Type: Displacement 
Testing Date: 28-May-04 
NASP Strand ID: A 
 






































B/MIN) 0.01 IN 0.10 IN 
1 4680   A1    
2 4850   J2 7270 11467 14166 
3  4937  A3    
4  4901  J4 6570 9605 11801 
5  4920  A5    
6  4964  J6 6572 10291 12718 
7  4914 5061 A7    
8   5026 J8 6792 9188 11737 
9    A9    
10    J10 7045 11807 16410 
11    A11    
12    J12 6972 10162 12987 
AVG 4765 4927 5043 AVG 6,870 10420 13303 




C.O.V. 2.52% 0.49% 0.49% C.O.V. 4.05% 9.87% 13.25% 




Batch  Number: 34 N 
Control Type: Displacement 
Testing Date: 10-Jun-04 
NASP Strand ID: H 
 






































B/MIN) 0.01 IN 0.10 IN 
1 4307   H1 7917 13128 15558 
2 4446   F2    
3  4717  H3 8081 14131 17362 
4  4575  F4    
5  4651  H5 8149 15081 17232 
6  4757  F6    
7  4594  H7 7547 14773 14415 
8   4738 F8    
9   4849 H9 7001 13231 15802 
10    F10    
11    H11 7230 12749 15254 
12    F12    
AVG 4376 4659 4794 AVG 7,654 13849 15937 




C.O.V. 2.26% 1.68% 1.63% C.O.V. 6.17% 6.90% 7.24% 




Batch  Number: 34 N 
Control Type: Displacement 
Testing Date: 10-Jun-04 
NASP Strand ID: F 
 






































B/MIN) 0.01 IN 0.10 IN 
1 4307   H1    
2 4446   F2 7138 10062 12763 
3  4717  H3    
4  4575  F4 7383 9678 13209 
5  4651  H5    
6  4757  F6 7085 11095 14787 
7  4594  H7    
8   4738 F8 6262 7260 12510 
9   4849 H9    
10    F10 6533 10653 14703 
11    H11    
12    F12 6583 10010 13434 
AVG 4376 4659 4794 AVG 6,831 9793 13568 




C.O.V. 2.26% 1.68% 1.63% C.O.V. 6.34% 13.69% 7.14% 




Batch  Number: 35 N 
Control Type: Displacement 
Testing Date: 11-Jun-04 
NASP Strand ID: H 
 






































B/MIN) 0.01 IN 0.10 IN 
1 4316   H1 7625 16132 18168 
2 4513   F2    
3  4620  H3 7378 15463 18710 
4  4760  F4    
5  4662  H5 7661 16847 17123 
6  4413  F6    
7  4839  H7 7144 14728 16687 
8   5017 F8    
9   5064 H9 7931 15168 17736 
10    F10    
11    H11 7813 15797 20041 
12    F12    
AVG 4414 4659 5041 AVG 7592 15689 18077 




C.O.V. 3.15% 3.48% 0.66% C.O.V. 3.80% 4.77% 6.65% 




Batch  Number: 35 N 
Control Type: Displacement 
Testing Date: 11-Jun-04 
NASP Strand ID: F 
 






































B/MIN) 0.01 IN 0.10 IN 
1 4316   H1    
2 4513   F2 6699 11471 15768 
3  4620  H3    
4  4760  F4 6915 11674 16975 
5  4662  H5    
6  4413  F6 6996 11085 17545 
7  4839  H7    
8   5017 F8 7304 8566 16772 
9   5064 H9    
10    F10 7068 10979 15903 
11    H11    
12    F12 7013 8988 16249 
AVG 4414 4659 5041 AVG 6999 10460 16535 




C.O.V. 3.15% 3.48% 0.66% C.O.V. 2.82% 12.76% 4.14% 




Batch  Number: 36 N 
Control Type: Displacement 
Testing Date: 14-Jun-04 
NASP Strand ID: I 
 






































B/MIN) 0.01 IN 0.10 IN 
1 4297   I1 7319 9092 10942 
2 4215   B2    
3  4542  I3 7303 10659 13694 
4  4475  B4    
5  4495  I5 7073 8538 11481 
6  4490  B6    
7  4251  I7 7457 11561 11156 
8   4731 B8    
9   4451 I9 7631 11490 14222 
10    B10    
11    I11 7042 9224 11136 
12    B12    
AVG 4256 4451 4591 AVG 7305 10094 12105 




C.O.V. 1.36% 2.57% 4.31% C.O.V. 3.08% 12.99% 12.02% 




Batch  Number: 36 N 
Control Type: Displacement 
Testing Date: 14-Jun-04 
NASP Strand ID: B 
 






































B/MIN) 0.01 IN 0.10 IN 
1 4297   I1    
2 4215   B2 7090 9959 12161 
3  4542  I3    
4  4475  B4 7585 11105 13375 
5  4495  I5    
6  4490  B6 7387 12293 15375 
7  4251  I7    
8   4731 B8 7156 9413 12450 
9   4451 I9    
10    B10 6533 9729 12852 
11    I11    
12    B12 7407 11075 14445 
AVG 4256 4451 4591 AVG 7193 10596 13443 




C.O.V. 1.36% 2.57% 4.31% C.O.V. 5.14% 10.27% 9.24% 




Batch  Number: 37 N 
Control Type: Displacement 
Testing Date: 15-Jun-04 
NASP Strand ID: I 
 






































B/MIN) 0.01 IN 0.10 IN 
1 4537   I1 7795 11466 14250 
2 4619   B2    
3  4621  I3 7511 11338 13196 
4  4743  B4    
5  4782  I5 7365 11948 14181 
6  4709  B6    
7  4766  I7 7622 12073 15405 
8   4883 B8    
9   4809 I9 8003 13947 16631 
10    B10    
11    I11 7667 14142 14569 
12    B12    
AVG 4578 4724 4846 AVG 7661 12486 14705 




C.O.V. 1.27% 1.35% 1.08% C.O.V. 2.90% 9.93% 8.03% 




Batch  Number: 37 N 
Control Type: Displacement 
Testing Date: 15-Jun-04 
NASP Strand ID: B 
 






































B/MIN) 0.01 IN 0.10 IN 
1 4537   I1    
2 4619   B2 7417 13685 13964 
3  4621  I3    
4  4743  B4 7378 13468 14701 
5  4782  I5    
6  4709  B6 7494 16146 15979 
7  4766  I7    
8   4883 B8 7680 12872 16403 
9   4809 I9    
10    B10 7478 12097 15935 
11    I11    
12    B12 5572 10038 16633 
AVG 4578 4724 4846 AVG 7170 13051 15603 




C.O.V. 1.27% 1.35% 1.08% C.O.V. 11.02% 15.39% 6.69% 




Batch  Number: 38 N 
Control Type: Displacement 
Testing Date: 16-Jun-04 
NASP Strand ID: K 
 












































B/MIN) 0.01 IN 0.10 IN 
1 4240   K1 8300 15893 19778 
2 4476   K2 6930 10017 20291 
3  4028  K3 7769 22014 23002 
4  4089  K4 7206 11069 18665 
5  4309  K5 8081 16368 18570 
6  4149  K6 7900 11474 14433 
7  4191  K7 7937 12303 19207 
8   4456 K8 6903 7052 20744 
9   4244 K9 7918 14461 20804 
10    K10 8077 13579 19146 
11    K11 8185 10484 21107 
12    K12 8286 12978 18367 
AVG 4358 4153 4350 AVG 7791 13141 19509 




C.O.V. 3.83% 2.56% 3.44% C.O.V. 6.42% 29.05% 10.65% 




Batch  Number: 39 N 
Control Type: Displacement 
Testing Date: 16-Jun-04 
NASP Strand ID: D 






































B/MIN) 0.01 IN 0.10 IN 
1 4226   D1 6150 5451 4300 
2 4347   D2 5303 6341 5508 
3  4316  D3 6572 6593 4764 
4  4356  D4 6636 6739 6102 
5  4388  D5 6567 7324 5547 
6  4142  D6 6279 5671 5230 
7  4314      
8   4473     
9   4530     
10        
11        
12        
AVG 4287 4303 4501 AVG 6251 6353 5242 




C.O.V. 1.99% 2.21% 0.89% C.O.V. 8.03% 10.97% 12.12% 























































NASP STRAND BOND TEST (DRAFT) 
 
Standard Test Method to Assess the Bond of 0.5 in. (12.7 mm) and 0.6 in. (15.24 
mm) Seven Wire Strand with Cementitious Materials  
 
 
1.  Scope  
1.1  This test method provides a means to assess the ability of 0.5 in. (12.7 
mm) and 0.6 in. (15.24 mm) seven wire strand to bond with concrete and other 
cementitious products. The method tests the bondability of strands that are made 
and intended for use as prestressing strands that conform to ASTM A 416.  
1.2  This test does not purport to address all of the safety concerns, if any, 
associated with its use. It is the responsibility of the use of this test method to 
establish appropriate safety and health practices and determine the applicability of 
regulatory limitations prior to use.  
 
2.  Reference Documents 
2.1  ASTM A 416  
2.2  ASTM C 33 
2.3  ASTM C 150  
2.4  ASTM C 192 
2.5 ASTM C 1437 
2.6 ASTM C 305 
2.7 ASTM C 109 
 
3.  Summary of the Test Method  
Test specimens are prepared by casting a single, 0.5 in. (12.7 mm) and 0.6 in. (15.24 mm) 
seven wire strand into a cylinder of concrete mortar with a bonded length of 16 in. (400 
mm). The constituents and proportions for the concrete mortar mixture are prescribed. 
The concrete in the specimen is cured for approximately one day under controlled 
conditions. The specimen is tested at one day of age by pulling the strand through the 
mortar at a prescribed rate of loading. The pull-out force is recorded at 0.10 in. (2.5 mm) 
of total slip. A single NASP Bond Test shall consist of 6 or more individual pull-out tests. 
The strand for the NASP Bond Test shall be taken from the same lot or reel of strand.  
 
4.  Preparation of Test Specimens  
4.1  Strand Specimens. The strand shall conform to ASTM A 416 and shall be  
intended for use in pretensioned or post-tensioned applications. Strand 
specimens for a single NASP Strand Bond Test shall be taken from the 
same lot or the same reel of prestressing strand. A minimum of six strand 
specimens are required for a single NASP Strand Bond Test.  
4.2 Concrete Mortar Mixture Constituents and Proportions. The concrete 
mortar mixture shall consist of sand, cement and water mixed thoroughly 
in the following proportions: 2 parts sand, 1 part cement and 0.45 parts 
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                        shall conform to ASTM C 33 requirements for Fine Aggregate. The batch  
weight for sand shall be computed using the aggregate’s unit weight at 
saturated surface dry (SSD) conditions. In computing weights for mixture 
proportions, the moisture content within the sand shall be accurately 
sampled and measured. The mixture proportions shall be corrected for the 
moisture content measured in the sand prior to mixing. Batch materials 
shall be handled in conformance with ASTM C 192. The cement shall 
conform to ASTM C 150 requirements for Type III cement. The water 
shall be potable and suitable for making concrete.  
4.3  Mixing and Flow Rate. The concrete mortar and the test specimens shall 
be made in conformance with ASTM C 192. Measurements of slump and 
air content are not required. The flow should be measured according to the 
procedure described in ASTM C 1437. The recommended flow rate is 
between 100 and 125.  
4.4 Consolidation. Concrete should be consolidated just enough to ensure 
perfect between strand and the surrounding concrete.  
4.5  Curing. The concrete mortar and test specimens shall be cured in 
conformance with ASTM C 192. The concrete mortar shall be cured at 73 
± 3EF (23 ± 2EC) from the time of molding until the moment of test. 
Storage during the curing period shall be in a vibration-free environment.  
4.6 Unit Weight of Mortar Cubes. Measure and record fresh unit weight of 
mortar cubes. In addition, unit weight of hardened cubes will be measured 
prior to testing under compression.  
4.7  Mortar Strength. Concrete mortar strength shall be evaluated in 
conformance with ASTM C 109 using 2 in. (51 mm) mortar cubes, except 
that the mixture proportions for the mortar are given in Section 4.1 and 
flow measurement shall not be required. The average mortar cube strength 
at the time of the NASP Bond Test shall not be less than 4500 psi. Mortar 
cube strength shall not exceed 5000 psi at the time of the NASP test. If the 
minimum target value of 4500psi is not achieved, NASP testing will be 
performed regardless and the data should be reported. On the other hand, 
if mortar strength exceeds 5000psi, repeat the NASP test.  
4.8 Test specimens shall be made by casting one single strand concentrically 
in concrete mortar within a 5 in. (125 mm) diameter steel casing as 
described in Fig. B.1. The length of the steel tube shall be 18 in. as shown. 
The bonded length of the strand shall be 16 in., with a 2 in. long bond 
breaker as shown in the figure. The steel casing shall have sufficient 
rigidity to prevent radial cracking in the specimen during testing. The test 
specimen shall be cast with the longitudinal axis of the strand and the steel 
casing in the vertical position. Test specimens shall be mechanically 
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5.  Test Procedure. 
5.1  Timing of the Test. The NASP Bond Test shall be conducted 24 ± 2 hrs. 
from the time of casting the specimens.  
5.2  Stiff test frame (as shown in Fig. B.2) or equivalent to stiff test frame 
(equivalent to stiff test frame means test frame without torsional restraint) 
should be used for the NASP Bond Test 
5.3  Instrumentation and measurement. The pull-out force shall be measured 
by a calibrated load measuring device, either electronically or 
hydraulically, or in combination of hydraulics and electronics. Pull-out 
force shall be measured to the nearest 10 lb increments. The relative 
movement of the strand to the hardened concrete mortar shall be 
measured. This measurement is typically called the “free-end slip” and 
shall be measured to 0.01 in. The slip shall be measured by a calibrated 
device. 
5.4 Strand shall be pulled from the concrete by reacting against the transverse 
steel plate.  The loading shall be controlled by strand displacement 
measured at the point where the load is applied to the strand.  The 
displacement rate shall be 0.1 in. per minute (2.5 mm per minute). 
5.5 The strand shall be loaded at a distance approximately 6 in. from the end 
of the specimen. 
5.6 The pull-out force shall be recorded when the opposite end of the strand, 
or the “free end” achieves a total displacement of 0.10 in. relative to the 
hardened concrete mortar. 
5.7 If the hardened concrete mortar exhibits cracking in two or more of the six 
individual tests, then all results of NASP Strand Bond Test shall be 
discarded and new specimens prepared for a new NASP Strand Bond Test. 
  
6. Reporting.  
6.1 Sample Size. A single NASP Strand Bond Test shall consist of a minimum 
of six (6) individual tests conducted on single strand specimens.  
6.2 For each individual test, report the pull-out force that corresponds to a 
relative displacement of 0.10 in. between the strand and the hardened 
concrete mortar.  
6.3 For the NASP Bond Test, compute the average pull-out force from the 
individual tests and report the value as the average value for the NASP 
Bond Test. If one of the specimens exhibited radial cracking during 
testing, disregard the pull-out value of that specimen when reporting 
results. If two or more of the specimens exhibit radial cracking, the entire 
results should be disregarded and the NASP Bond Test performed again in 









7.  Acceptance  
7.1  The strand shall be accepted for pretensioned and post-tensioned 
prestressed applications when the average value of the NASP Strand Bond Test is 
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SMOOTHED STRAIN PROFILES FOR 0.5 IN. DIAMETER 
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SMOOTHED STRAIN PROFILES FOR 0.5 IN. DIAMETER 
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SMOOTHED STRAIN PROFILES FOR 0.6 IN. DIAMETER 
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End Slip Data for Beam -RB4-5-1
Date cast: 31-Mar-05 Date tested: 1-Apr-05
Slip Reading on 20-Jul-05
Bottom Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.218 0.148 0.070 NW 0.139 0.139 0.139 0.080
NE 0.233 0.171 0.062 NE 0.154 0.154 0.154 0.079
SW 0.573 0.507 0.066 SW 0.496 0.496 0.496 0.078
SE 0.509 0.443 0.066 SE 0.439 0.439 0.439 0.069
Bottom Strand End Initial After Release
Difference
NW 0.219 0.148 0.071
NE 0.233 0.172 0.061
SW 0.575 0.508 0.067
SE 0.507 0.441 0.066
Data Analysis: Differences











Cast Date Strand Location Elongation Strain
#5 31-Mar-05 B East 16.1875 0.007211
#5 31-Mar-05 B West 16 0.007127
Data Analysis: Inferred Transfer Lengths (in)











1 19.78 17.06 18.66 18.31 Bottom






















End Slip Data for Beam -RB4-5-2
Date cast: 31-Mar-05 Date tested: 1-Apr-05
Slip Reading on 22-Jul-05
Bottom Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.208 0.143 0.065 NW 0.134 0.134 0.134 0.075
NE 0.218 0.130 0.088 NE 0.13 0.13 0.130 0.087
SW 0.229 0.150 0.079 SW 0.146 0.146 0.146 0.084
SE 0.303 0.221 0.082 SE 0.216 0.216 0.216 0.087
Bottom Strand End Initial After Release
Difference
NW 0.209 0.145 0.064
NE 0.216 0.130 0.086
SW 0.230 0.149 0.081
SE 0.303 0.223 0.080
Data Analysis: Differences











Cast Date Strand Location Elongation Strain
#5 31-Mar-05 B East 16.1875 0.007211
#5 31-Mar-05 B West 16 0.007127
Data Analysis: Inferred Transfer Lengths (in)











1 18.10 24.13 22.45 22.47 Bottom










End Slip Data for Beam -RD4-5-1
Date cast: 31-Mar-05 Date tested: 1-Apr-05
Slip Reading on 21-Jul-05
Bottom Strand End Initial After 
Release
Difference Top KIR EDEN AVERAG
E Difference
NW 0.657 0.534 0.123 NW 0.519 0.519 0.519 0.140
NE 0.639 0.526 0.113 NE 0.500 0.500 0.500 0.139
SW 0.481 0.372 0.109 SW 0.324 0.324 0.324 0.158
SE 0.466 0.351 0.115 SE 0.318 0.318 0.318 0.148
Bottom Strand End Initial After Release
Difference
NW 0.660 0.534 0.126
NE 0.639 0.527 0.112
SW 0.482 0.371 0.111
SE 0.466 0.353 0.113
Data Analysis: Differences











Cast Date Strand Location Elongation Strain
#5 1-Apr-05 D East 15.9375 0.0071
#5 1-Apr-05 D West 16.5 0.00735
Data Analysis: Inferred Transfer Lengths (in)











1 33.88 31.69 29.93 32.11 Bottom










End Slip Data for Beam -RD4-5-2
Date cast: 31-Mar-05 Date tested: 1-Apr-05
Slip Reading on 25-Jul-05
Bottom Strand End Initial After Release
Difference Top KIR EDEN AVERAGE
NW 1.249 1.076 0.173 NW 0.974 0.974 0.974
NE 0.248 0.118 0.130 NE 0.068 0.068 0.068
SW 0.211 0.033 0.178 SW 0.031 0.031 0.031
SE 0.246 0.069 0.177 SE 0.054 0.054 0.054
Bottom Strand End Initial After Release
Difference
NW 1.251 1.075 0.176
NE 0.250 0.118 0.132
SW 0.214 0.032 0.182
SE 0.247 0.066 0.181
Data Analysis: Differences











Cast Date Strand Location Elongation Strain
#5 31-Mar-05 D East 15.9375 0.0071
#5 31-Mar-05 D West 16.5 0.00735
Data Analysis: Inferred Transfer Lengths (in)











1 47.48 36.90 48.98 50.43 Bottom










End Slip Data for Beam -RA4-6-1
Date cast: 31-Mar-05 Date tested: 1-Apr-05
Dev Length Test 12-Aug-05
Bottom Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.206 0.096 0.110 NW 0.040 0.167
NE 0.092 -0.029 0.121 NE 0.967 -0.874
SW 0.662 0.580 0.082 SW 0.570 0.091
SE 0.686 0.596 0.090 SE 0.576 0.111
Bottom Strand End Initial After Release
Difference
NW 0.208 0.094 0.114
NE 0.094 -0.028 0.122
SW 0.659 0.577 0.082
SE 0.688 0.593 0.095
Data Analysis: Differences











Cast Date Strand Location Elongation Strain
#5 31-Mar-05 D East 15.75 0.006884
#5 31-Mar-05 D West 16.25 0.007102
Data Analysis: Inferred Transfer Lengths (in)











1 31.54 35.30 23.09 26.88 Bottom










End Slip Data for Beam -RA4-6-2
Date cast: 31-Mar-05 Date tested: 1-Apr-05
Slip Reading on 15-Aug-05
Bottom Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.210 0.102 0.108 NW 0.054 0.156
NE 0.220 0.117 0.103 NE 0.112 0.109
SW 0.116 0.018 0.098 SW 0.015 0.100
SE 0.169 0.061 0.108 SE 0.036 0.132
Bottom Strand End Initial After Release
Difference
NW 0.209 0.100 0.109
NE 0.221 0.118 0.103
SW 0.114 0.017 0.097
SE 0.166 0.059 0.107
Data Analysis: Differences











Cast Date Strand Location Elongation Strain
#5 31-Mar-05 D East 15.75 0.006884
#5 31-Mar-05 D West 16.25 0.007102
Data Analysis: Inferred Transfer Lengths (in)











1 30.55 29.93 27.46 31.23 Bottom










End Slip Data for Beam -RA6A-5-1
Date cast: 27-Jul-04 Date tested: 28-Jul-04
Slip Reading on 4-Mar-05
Bottom Strand End Initial After Release
Difference Bottom KIR EDEN AVERAGE Difference
NW 0.820 0.757 0.063 NW 0.729 0.730 0.730 0.088
NE 0.817 0.747 0.070 NE 0.714 0.712 0.713 0.104
SW 0.801 0.739 0.062 SW 0.698 0.700 0.699 0.104
SE 0.814 0.751 0.063 SE 0.710 0.709 0.710 0.103
Slip Reading on 5-Nov-04
Bottom Strand End Initial After 
Release
Difference Bottom KIR EDEN AVERAG
E Difference
NW 0.817 0.757 0.060 NW 0.730 0.731 0.731 0.088
NE 0.815 0.747 0.068 NE 0.713 0.714 0.714 0.103
SW 0.803 0.739 0.064 SW 0.700 0.701 0.701 0.102
SE 0.811 0.749 0.062 SE 0.712 0.710 0.711 0.102
Bottom Strand End Initial After 
Release
Difference
NW 0.817 0.766 0.051
NE 0.816 0.747 0.069
SW 0.804 0.735 0.069
SE 0.812 0.748 0.064
Bottom Strand End Initial After Release
Difference
NW 0.818 0.758 0.060
NE 0.819 0.746 0.073
SW 0.802 0.739 0.063
SE 0.814 0.749 0.065
Data Analysis: Differences









Cast Date Strand Location Elongation Strain
#1 27-Jul-04 A East 16.375 0.00726911
#1 27-Jul-04 A West 16.25 0.00721362
Data Analysis: Inferred Transfer Lengths (in)











1 16.22 19.26 17.88 17.47 Bottom
101 24.26 28.41 28.28 28.00 Bottom









End Slip Data for Beam -RA6A-5-2
Date cast: 27-Jul-04 Date tested: 28-Jul-04
Slip Reading on 4-Mar-05
Bottom Strand End Initial After Release
Difference Bottom KIR EDEN AVERAGE Difference
NW 0.835 0.755 0.080 NW 0.730 0.729 0.730 0.107
NE 0.834 0.736 0.098 NE 0.711 0.711 0.711 0.124
SW 0.800 0.724 0.076 SW 0.701 0.698 0.700 0.103
SE 0.817 0.736 0.081 SE 0.707 0.708 0.708 0.110
Slip Reading on 5-Nov-04
Bottom Strand End Initial After Release
Difference Bottom KIR EDEN AVERAGE Difference
NW 0.835 0.756 0.079 NW 0.730 0.732 0.731 0.105
NE 0.833 0.737 0.096 NE 0.712 0.712 0.712 0.123
SW 0.801 0.723 0.078 SW 0.703 0.705 0.704 0.098
SE 0.818 0.735 0.083 SE 0.704 0.707 0.706 0.112
Bottom Strand End Initial After 
Release
Difference
NW 0.837 0.754 0.083
NE 0.836 0.739 0.097
SW 0.803 0.725 0.078
SE 0.818 0.736 0.082
Bottom Strand End Initial After Release
Difference
NW 0.837 0.753 0.084
NE 0.835 0.742 0.093
SW 0.804 0.727 0.077
SE 0.818 0.735 0.083
Data Analysis: Differences











Cast Date Strand Location Elongation Strain
#1 7/27/2004 A East 16.375 0.007269
#1 27-Jul-04 A West 16.25 0.007214
Data Analysis: Inferred Transfer Lengths (in)











1 22.60 26.41 21.42 22.63 Bottom
101 29.11 33.70 27.17 30.88 Bottom
















End Slip Data for Beam -RD6A-5-1
Date cast: 27-Jul-04 Date tested: 28-Jul-04
Slip Reading on 4-Mar-05
Bottom Strand End Initial After Release
Difference Bottom KIR EDEN AVERAGE Difference
NW 0.809 0.679 0.130 NW 0.664 0.662 0.663 0.146
NE 0.818 0.688 0.130 NE 0.672 0.673 0.673 0.144
SW 0.837 0.733 0.104 SW 0.702 0.709 0.706 0.132
SE 0.820 0.709 0.111 SE 0.682 0.680 0.681 0.138
Slip Reading on 5-Nov-04
Bottom Strand End Initial After 
Release
Difference Bottom KIR EDEN AVERAG
E Difference
NW 0.808 0.678 0.130 NW 0.667 0.667 0.667 0.142
NE 0.816 0.686 0.130 NE 0.673 0.672 0.673 0.144
SW 0.839 0.733 0.106 SW 0.709 0.707 0.708 0.129
SE 0.817 0.709 0.108 SE 0.685 0.683 0.684 0.135
Bottom Strand End Initial After Release
Difference
NW 0.809 0.688 0.121
NE 0.815 0.686 0.129
SW 0.835 0.735 0.100
SE 0.822 0.715 0.107
Bottom Strand End Initial After 
Release
Difference
NW 0.810 0.683 0.127
NE 0.816 0.686 0.130
SW 0.837 0.733 0.104
SE 0.817 0.713 0.104
Data Analysis: Differences











Cast Date Strand Location Elongation Strain
#1 7/27/2004 D East 16.125 0.007158
#1 27-Jul-04 D West 16.5625 0.007352
Data Analysis: Inferred Transfer Lengths (in)











1 34.55 36.25 28.15 30.04 Bottom
101 38.63 40.16 35.09 37.72 Bottom















End Slip Data for Beam -RD6A-5-2
Date cast: 27-Jul-04 Date tested: 28-Jul-04
Slip Reading on 04 March 2005
Bottom Strand End Initial After 
Release
Difference Bottom KIR EDEN AVERAG
E Difference
NW 0.818 0.746 0.072 NW 0.710 0.707 0.709 0.111
NE 0.818 0.741 0.077 NE 0.695 0.692 0.694 0.124
SW 0.829 0.760 0.069 SW 0.700 0.698 0.699 0.129
SE 0.848 0.764 0.084 SE 0.684 0.687 0.686 0.162
Slip Reading on 05 Nov 2004
Bottom Strand End Initial After Release
Difference Bottom KIR EDEN AVERAGE Difference
NW 0.819 0.745 0.074 NW 0.713 0.714 0.714 0.106
NE 0.818 0.743 0.075 NE 0.702 0.699 0.701 0.117
SW 0.828 0.761 0.067 SW 0.699 0.699 0.699 0.129
SE 0.846 0.753 0.093 SE 0.690 0.691 0.691 0.157
Bottom Strand End Initial After 
Release
Difference
NW 0.818 0.745 0.073
NE 0.817 0.743 0.074
SW 0.829 0.759 0.070
SE 0.845 0.780 0.065
Bottom Strand End Initial After Release
Difference
NW 0.821 0.749 0.072
NE 0.818 0.741 0.077
SW 0.825 0.761 0.064
SE 0.849 0.779 0.070
Data Analysis: Differences











Cast Date Strand Location Elongation Strain
#1 27-Jul-04 D East 16.125 0.007158
#1 27-Jul-04 D West 16.5625 0.007352
Data Analysis: Inferred Transfer Lengths (in)











1 19.79 21.16 18.36 21.79 Bottom
101 28.70 32.76 35.02 43.73 Bottom
















End Slip Data for Beam -RA6-5-1
Date cast: 2-Aug-04 Date tested: 3-Aug-04
Slip Reading on 0 4-Mar-05
Bottom Strand End Initial After Release
Difference Bottom KIR EDEN AVERAGE Difference
NW 0.837 0.772 0.065 NW 0.719 0.722 0.721 0.117
NE 0.851 0.776 0.075 NE 0.725 0.724 0.725 0.127
SW 0.829 0.771 0.058 SW 0.733 0.734 0.734 0.094
SE 0.836 0.762 0.074 SE 0.711 0.713 0.712 0.123
Slip Reading on 5-Nov-04
Bottom Strand End Initial After Release
Difference Bottom KIR EDEN AVERAGE Difference
NW 0.838 0.775 0.063 NW 0.725 0.724 0.725 0.113
NE 0.851 0.777 0.074 NE 0.725 0.725 0.725 0.126
SW 0.827 0.768 0.059 SW 0.735 0.737 0.736 0.092
SE 0.833 0.761 0.072 SE 0.713 0.713 0.713 0.122
Data Analysis: Differences











Cast Date Strand Location Elongation Strain
#3 8/2/2004 A East 16.25 0.007214
#3 8/2/2004 A West 16.3125 0.007241
Data Analysis: Inferred Transfer Lengths (in)











1 17.68 20.66 16.16 20.24 Bottom
95 31.21 34.93 25.41 33.69 Bottom










End Slip Data for Beam -RA6-5-2
Date cast: 2-Aug-04 Date tested: 3-Aug-04
Slip Reading on 04 March 2005
Bottom Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.732 0.671 0.061 NW 0.633 0.630 0.632 0.100
NE 0.683 0.627 0.056 NE 0.580 0.583 0.582 0.102
SW 0.779 0.713 0.066 SW 0.684 0.684 0.684 0.094
SE 0.797 0.755 0.042 SE 0.721 0.721 0.721 0.076
Slip Reading on 05 Nov 2004
Bottom Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.731 0.668 0.063 NW 0.634 0.635 0.635 0.097
NE 0.684 0.625 0.059 NE 0.587 0.590 0.589 0.095
SW 0.778 0.712 0.066 SW 0.685 0.683 0.684 0.094
SE 0.796 0.753 0.043 SE 0.723 0.721 0.722 0.075
Data Analysis: Differences











Cast Date Strand Location Elongation Strain
#3 8/2/2004 A East 16.25 0.007214
#3 8/2/2004 A West 16.3125 0.007241
Data Analysis: Inferred Transfer Lengths (in)











1 17.12 15.94 18.23 11.78 Bottom
95 26.79 26.34 26.10 20.66 Bottom









End Slip Data for Beam -RA6-5-1-T
Date cast: 2-Aug-04 Date tested: 3-Aug-04
Slip Reading on 04 March 2005
Top Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.840 0.769 0.071 NW 0.718 0.717 0.718 0.122
NE 0.845 0.766 0.079 NE 0.714 0.713 0.714 0.131
SW 0.783 0.710 0.073 SW 0.650 0.647 0.649 0.136
SE 0.777 0.706 0.071 SE 0.658 0.658 0.658 0.119
Slip Reading on 05 Nov 2004
Top Strand End Initial After 
Release
Difference Top KIR EDEN AVERAG
E Difference
NW 0.838 0.768 0.070 NW 0.718 0.717 0.718 0.122
NE 0.843 0.768 0.075 NE 0.715 0.714 0.715 0.130
SW 0.785 0.709 0.076 SW 0.647 0.650 0.649 0.136
SE 0.776 0.707 0.069 SE 0.657 0.658 0.658 0.119
Slip Reading on 04 March 2005
Bottom Strand End Initial After Release
Difference Bottom KIR EDEN AVERAGE Difference
NW 0.836 0.764 0.072 NW 0.710 0.707 0.709 0.128
NE 0.887 0.817 0.070 NE 0.770 0.770 0.770 0.118
SW 0.897 0.828 0.069 SW 0.795 0.797 0.796 0.100
SE 0.94 0.873 0.067 SE 0.835 0.835 0.835 0.107
Slip Reading on 05 Nov 2004
Bottom Strand End Initial After 
Release
Difference Bottom KIR EDEN AVERAG
E Difference
NW 0.837 0.762 0.075 NW 0.708 0.710 0.709 0.128
NE 0.889 0.817 0.072 NE 0.771 0.768 0.770 0.119
SW 0.895 0.829 0.066 SW 0.795 0.797 0.796 0.100
SE 0.943 0.873 0.070 SE 0.838 0.835 0.837 0.105
Data Analysis: Differences














NW 0.071 0.001 NW 0.074 0.002
NE 0.077 0.003 NE 0.071 0.001
SW 0.075 0.002 SW 0.068 0.002
SE 0.070 0.001 SE 0.068 0.002
Elongation Data
Cast Date Strand Location Elongation Strain
#3 2-Aug-04 A East-T 16.5 0.007325
#3 2-Aug-04 A West-T 16.3125 0.007241
#3 8/2/2004 A East-B 16.5 0.007325
#3 8/2/2004 A West-B 16.0625 0.00713
Data Analysis: Inferred Transfer Lengths (in)











1 19.47 21.03 20.58 19.11 Top
1 20.62 19.39 18.93 18.70 Bottom
95 33.56 35.63 37.42 32.36 Top
95 33.56 35.36 37.42 32.49 Top
214 35.76 32.36 28.05 28.67 Bottom














End Slip Data for Beam -RA6-5-2-T
Date cast: 2-Aug-04 Date tested: 3-Aug-04
Slip Reading on 04 March 2005
Top Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.843 0.763 0.080 NW 0.698 0.700 0.699 0.143
NE 0.844 0.783 0.061 NE 0.690 0.691 0.691 0.154
SW 0.820 0.759 0.061 SW 0.637 0.640 0.639 0.182
SE 0.766 0.706 0.060 SE 0.678 0.675 0.677 0.091
Slip Reading on 09 Nov 2004
Top Strand End Initial After 
Release
Difference Top KIR EDEN AVERAG
E Difference
NW 0.840 0.762 0.078 NW 0.702 0.704 0.703 0.139
NE 0.844 0.780 0.064 NE 0.697 0.695 0.696 0.148
SW 0.820 0.760 0.060 SW 0.637 0.639 0.638 0.182
SE 0.769 0.708 0.061 SE 0.677 0.680 0.679 0.089
Slip Reading on 04 March 2005
Bottom Strand End Initial After Release
Difference Bottom KIR EDEN AVERAGE Difference
NW 0.861 0.795 0.066 NW 0.681 0.683 0.682 0.180
NE 0.858 0.791 0.067 NE 0.679 0.682 0.681 0.178
SW 0.859 0.800 0.059 SW 0.696 0.693 0.695 0.165
SE 0.850 0.781 0.069 SE 0.701 0.702 0.702 0.149
Slip Reading on 09 Nov 2004
Bottom Strand End Initial After 
Release
Difference Bottom KIR EDEN AVERAG
E Difference
NW 0.863 0.793 0.070 NW 0.689 0.686 0.688 0.175
NE 0.859 0.789 0.070 NE 0.688 0.687 0.688 0.171
SW 0.859 0.802 0.057 SW 0.699 0.700 0.700 0.160
SE 0.850 0.781 0.069 SE 0.701 0.701 0.701 0.149
Data Analysis: Differences














NW 0.079 0.001 NW 0.068 0.003
NE 0.062 0.002 NE 0.068 0.002
SW 0.060 0.001 SW 0.058 0.001
SE 0.061 0.001 SE 0.069 0.000
Elongation Data
Cast Date Strand Location Elongation Strain
#3 2-Aug-04 A East-T 16.5 0.007325
#3 2-Aug-04 A West-T 16.3125 0.007241
#3 8/2/2004 A East-B 16.5 0.007325
#3 8/2/2004 A West-B 16.0625 0.00713
Data Analysis: Inferred Transfer Lengths (in)











1 21.82 17.07 16.71 16.52 Top
1 19.07 18.70 16.27 18.84 Bottom
95 38.25 40.41 50.27 24.30 Top
95 48.95 46.69 44.74 40.68 Bottom
214 39.36 41.91 50.13 24.85 Top















End Slip Data for Beam -RD6-5-1
Date cast: 2-Aug-04 Date tested: 3-Aug-04
Slip Reading on 04 March 2005
Bottom Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.812 0.700 0.112 NW 0.617 0.615 0.616 0.196
NE 0.812 0.702 0.110 NE 0.645 0.642 0.644 0.169
SW 0.865 0.771 0.094 SW 0.700 0.697 0.699 0.167
SE 0.828 0.717 0.111 SE 0.665 0.662 0.664 0.165
Slip Reading on 05 Nov2004
Bottom Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.812 0.699 0.113 NW 0.632 0.631 0.632 0.181
NE 0.812 0.704 0.108 NE 0.651 0.648 0.650 0.163
SW 0.866 0.771 0.095 SW 0.700 0.701 0.701 0.165
SE 0.828 0.717 0.111 SE 0.669 0.667 0.668 0.160
Data Analysis: Differences











Cast Date Strand Location Elongation Strain
#3 8/2/2004 D East 16.4375 0.007297
#3 8/2/2004 D West 16.5625 0.007352
Data Analysis: Inferred Transfer Lengths (in)











1 30.60 29.88 25.71 30.42 Bottom
95 49.10 44.54 44.88 43.85 Bottom










End Slip Data for Beam -RD6-5-2
Date cast: 2-Aug-04 Date tested: 3-Aug-04
Slip Reading on 04 March 2005
Bottom Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.717 0.621 0.096 NW 0.560 0.557 0.559 0.158
NE 0.751 0.658 0.093 NE 0.585 0.585 0.585 0.166
SW 0.665 0.560 0.105 SW 0.490 0.492 0.491 0.174
SE 0.654 0.544 0.110 SE 0.473 0.475 0.474 0.180
Slip Reading on 05 Nov 2004
Bottom Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.716 0.622 0.094 NW 0.565 0.568 0.567 0.150
NE 0.751 0.659 0.092 NE 0.595 0.592 0.594 0.158
SW 0.664 0.561 0.103 SW 0.503 0.506 0.505 0.160
SE 0.654 0.544 0.110 SE 0.485 0.488 0.487 0.168
Data Analysis: Differences











Cast Date Strand Location Elongation Strain
#3 8/2/2004 D East 16.4375 0.007297
#3 8/2/2004 D West 16.5625 0.007352
Data Analysis: Inferred Transfer Lengths (in)











1 25.84 25.35 28.29 30.15 Bottom
95 42.98 45.50 47.20 49.34 Bottom










End Slip Data for Beam -RD6-5-1-T
Date cast: 2-Aug-04 Date tested: 3-Aug-04
Slip Reading on 04 March 2005
Top Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.799 0.702 0.097 NW 0.590 0.588 0.589 0.211
NE 0.805 0.708 0.097 NE 0.597 0.598 0.598 0.209
SW 0.732 0.660 0.072 SW 0.570 0.569 0.570 0.162
SE 0.769 0.693 0.076 SE 0.501 0.502 0.502 0.269
Slip Reading on 09 Nov 2004
Top Strand End Initial After 
Release
Difference Top KIR EDEN AVERAG
E Difference
NW 0.801 0.701 0.100 NW 0.594 0.595 0.595 0.206
NE 0.808 0.706 0.102 NE 0.604 0.601 0.603 0.204
SW 0.731 0.658 0.073 SW 0.575 0.575 0.575 0.157
SE 0.771 0.694 0.077 SE 0.506 0.504 0.505 0.265
Slip Reading on 04 March 2005
Bottom Strand End Initial After Release
Difference Bottom KIR EDEN AVERAGE Difference
NW 0.819 0.733 0.086 NW 0.655 0.656 0.656 0.164
NE 0.845 0.756 0.089 NE 0.692 0.695 0.694 0.150
SW 0.823 0.725 0.098 SW 0.658 0.661 0.660 0.163
SE 0.824 0.732 0.092 SE 0.654 0.657 0.656 0.169
Slip Reading on 09 Nov 2004
Bottom Strand End Initial After 
Release
Difference Bottom KIR EDEN AVERAG
E Difference
NW 0.819 0.734 0.085 NW 0.666 0.668 0.667 0.152
NE 0.842 0.756 0.086 NE 0.699 0.696 0.698 0.146
SW 0.821 0.725 0.096 SW 0.669 0.666 0.668 0.155
SE 0.824 0.732 0.092 SE 0.670 0.670 0.670 0.154
Data Analysis: Differences














NW 0.099 0.002 NW 0.086 0.001
NE 0.100 0.004 NE 0.088 0.002
SW 0.073 0.001 SW 0.097 0.001
SE 0.077 0.001 SE 0.092 0.000
Elongation Data
Cast Date Strand Location Elongation Strain
#3 2-Aug-04 D East-T 16.0625 0.00713
#3 2-Aug-04 D West-T 16.125 0.007158
#3 8/2/2004 D East-B 16.5 0.007325
#3 8/2/2004 D West-B 16.4375 0.007297
Data Analysis: Inferred Transfer Lengths (in)











1 27.52 27.91 20.26 21.46 Top
1 23.43 23.89 26.59 25.12 Bottom
95 57.42 57.22 43.73 74.33 Top
95 41.66 39.87 42.35 42.05 Bottom
214 58.95 58.62 45.26 75.31 Top
















End Slip Data for Beam -RD6-5-2-T
Date cast: 2-Aug-04 Date tested: 3-Aug-04
Slip Reading on 04 March 2005
Top Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.832 0.748 0.084 NW 0.613 0.616 0.615 0.219
NE 0.851 0.767 0.084 NE 0.618 0.616 0.617 0.233
SW 0.823 0.731 0.092 SW 0.574 0.577 0.576 0.247
SE 0.803 0.729 0.074 SE 0.658 0.661 0.660 0.143
Slip Reading on 05 Nov 2004
Top Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.835 0.750 0.085 NW 0.660 0.663 0.662 0.172
NE 0.849 0.764 0.085 NE 0.610 0.607 0.609 0.242
SW 0.822 0.732 0.090 SW 0.624 0.624 0.624 0.199
SE 0.801 0.731 0.070 SE 0.620 0.619 0.620 0.183
Slip Reading on 04 March 2005
Bottom Strand End Initial After Release
Difference Bottom KIR EDEN AVERAGE Difference
NW 0.828 0.739 0.089 NW
NE 0.875 0.781 0.094 NE 0.687 0.690 0.689 0.185
SW 0.865 0.779 0.086 SW 0.610 0.612 0.611 0.255
SE 0.918 0.844 0.074 SE
Slip Reading on 05 Nov 2004
Bottom Strand End Initial After Release
Difference Bottom KIR EDEN AVERAGE Difference
NW 0.830 0.739 0.091 NW 0.575 0.573 0.574 0.255
NE 0.872 0.779 0.093 NE 0.621 0.619 0.620 0.254
SW 0.867 0.780 0.087 SW 0.703 0.701 0.702 0.164
SE 0.917 0.845 0.072 SE 0.759 0.760 0.760 0.158
Data Analysis: Differences














NW 0.085 0.001 NW 0.090 0.001
NE 0.085 0.001 NE 0.094 0.001
SW 0.091 0.001 SW 0.087 0.001
SE 0.072 0.003 SE 0.073 0.001
Elongation Data
Cast Date Strand Location Elongation Strain
#3 2-Aug-04 D East-T 16.0625 0.00713
#3 2-Aug-04 D West-T 16.125 0.007158
#3 8/2/2004 D East-B 16.5 0.007325
#3 8/2/2004 D West-B 16.4375 0.007297
Data Analysis: Inferred Transfer Lengths (in)









Top 23.61 23.70 25.43 20.20
Bottom 24.67 25.53 23.71 19.93
Top 48.06 67.74 55.46 51.19
Bottom 69.89 69.22 44.95 43.14
















End Slip Data for Beam -RA8-5-1
Date cast: 29-Jul-04 Date tested: 30-Jul-04
Slip Reading on 4-Mar-05
Bottom Strand End Initial After 
Release
Difference Top KIR EDEN AVERAG
E Difference
NW 0.894 0.84 0.054 NW 0.800 0.798 0.799 0.096
NE 0.885 0.839 0.046 NE 0.795 0.798 0.797 0.089
SW 0.865 0.814 0.051 SW 0.780 0.779 0.780 0.085
SE 0.884 0.834 0.050 SE 0.801 0.801 0.801 0.082
Slip Reading on 5-Nov-04
Bottom Strand End Initial After 
Release
Difference Top KIR EDEN AVERAG
E Difference
NW 0.895 0.841 0.054 NW 0.819 0.817 0.818 0.077
NE 0.886 0.843 0.043 NE 0.830 0.832 0.831 0.055
SW 0.865 0.813 0.052 SW 0.785 0.788 0.787 0.079
SE 0.881 0.834 0.047 SE 0.802 0.802 0.802 0.081









Cast Date Strand Location Elongation Strain
#2 7/29/2004 A East 16.6875 0.007408
#2 7/29/2004 A West 16.6875 0.007408











1 14.6 12.0 13.9 13.1 Bottom
99 20.7 14.7 21.2 21.7 Bottom














End Slip Data for Beam -RA8-5-2
Date cast: 29-Jul-04 Date tested: 30-Jul-04
Slip Reading on 04 March 2005
Bottom Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.903 0.839 0.064 NW 0.815 0.812 0.814 0.088
NE 0.932 0.879 0.053 NE 0.758 0.755 0.757 0.173
SW 0.859 0.809 0.050 SW 0.775 0.773 0.774 0.081
SE 0.861 0.809 0.052 SE 0.789 0.787 0.788 0.067
Slip Reading on 05 Nov 2004
Bottom Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.900 0.846 0.054 NW 0.819 0.817 0.818 0.084
NE 0.927 0.877 0.050 NE 0.837 0.838 0.838 0.092
SW 0.851 0.809 0.042 SW 0.775 0.777 0.776 0.079
SE 0.849 0.814 0.035 SE 0.787 0.789 0.788 0.067
Data Analysis: Differences











Cast Date Strand Location Elongation Strain
#2 7/29/2004 A East 16.6875 0.007408
#2 7/29/2004 A West 16.6875 0.007408
Data Analysis: Inferred Transfer Lengths (in)











1 15.93 13.90 12.42 11.74 Bottom
99 22.54 24.84 21.33 18.09 Bottom










Date cast: 29-Jul-04 Date tested: 30-Jul-04
Slip Reading on 04 March 2005
Top Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.842 0.804 0.038 NW 0.763 0.762 0.763 0.080
NE 0.894 0.848 0.046 NE 0.795 0.795 0.795 0.102
SW 0.942 0.890 0.052 SW 0.848 0.847 0.848 0.094
SE 0.907 0.855 0.052 SE 0.807 0.805 0.806 0.102
Slip Reading on 05 Nov 2004
Top Strand End Initial After 
Release
Difference Top KIR EDEN AVERAG
E Difference
NW 0.843 0.805 0.038 NW 0.763 0.764 0.764 0.079
NE 0.899 0.847 0.052 NE 0.796 0.795 0.796 0.101
SW 0.941 0.891 0.050 SW 0.850 0.848 0.849 0.093
SE 0.909 0.852 0.057 SE 0.811 0.813 0.812 0.096
Slip Reading on 04 March 2005
Bottom Strand End Initial After Release
Difference Bottom KIR EDEN AVERAGE Difference
NW 0.874 0.854 0.020 NW 0.822 0.820 0.821 0.053
NE 0.866 0.862 0.004 NE 0.826 0.823 0.825 0.043
SW 0.881 0.826 0.055 SW 0.779 0.781 0.780 0.101
SE 0.829 0.786 0.043 SE
Slip Reading on 05 Nov 2004
Bottom Strand End Initial After 
Release
Difference Bottom KIR EDEN AVERAG
E Difference
NW 0.873 0.854 0.019 NW 0.820 0.823 0.822 0.052
NE 0.868 0.861 0.007 NE 0.829 0.828 0.829 0.039
SW 0.881 0.827 0.054 SW 0.787 0.789 0.788 0.093
SE 0.833 0.783 0.050 SE
Data Analysis: Differences














NW 0.038 0.000 NW 0.020 0.001
NE 0.049 0.004 NE 0.006 0.002
SW 0.051 0.001 SW 0.055 0.001
SE 0.055 0.004 SE 0.046 0.005
Elongation Data
Cast Date Strand Location Elongation Strain
#2 29-Jul-04 A East-T 16.5 0.007325
#2 29-Jul-04 A West-T 15.9375 0.007075
#2 29-Jul-04 A East-B 16.75 0.007436
#2 29-Jul-04 A West-B 16.6875 0.007408
Data Analysis: Inferred Transfer Lengths (in)











1 10.74 13.38 14.42 14.88 Top
1 5.26 1.48 14.71 12.51 Bottom
99 22.33 27.58 26.15 26.21 Top
99 14.17 10.36 25.11 Bottom
218 22.62 27.71 26.57 27.85 Top





















End Slip Data for Beam -RA8-5-2-T
Date cast: 29-Jul-04 Date tested: 30-Jul-04
Slip Reading on 04 March 2005
Top Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.810 0.758 0.052 NW 0.707 0.708 0.708 0.103
NE 0.818 0.752 0.066 NE 0.712 0.712 0.712 0.106
SW 0.926 0.874 0.052 SW 0.823 0.825 0.824 0.102
SE 0.919 0.860 0.059 SE 0.807 0.809 0.808 0.110
Slip Reading on 05 Nov 2004
Top Strand End Initial After 
Release
Difference Top KIR EDEN AVERAG
E Difference
NW 0.811 0.756 0.055 NW 0.709 0.710 0.710 0.101
NE 0.817 0.754 0.063 NE 0.715 0.716 0.716 0.102
SW 0.926 0.875 0.051 SW 0.824 0.827 0.826 0.101
SE 0.917 0.861 0.056 SE 0.811 0.813 0.812 0.106
Slip Reading on 04 March 2005
Bottom Strand End Initial After Release
Difference Bottom KIR EDEN AVERAGE Difference
NW 0.830 0.785 0.045 NW 0.738 0.735 0.737 0.094
NE 0.822 0.768 0.054 NE 0.738 0.736 0.737 0.085
SW 0.863 0.816 0.047 SW 0.769 0.771 0.770 0.095
SE 0.863 0.806 0.057 SE 0.770 0.769 0.770 0.093
Slip Reading on 05 Nov 2004
Bottom Strand End Initial After 
Release
Difference Bottom KIR EDEN AVERAG
E Difference
NW 0.830 0.782 0.048 NW 0.740 0.741 0.741 0.090
NE 0.822 0.768 0.054 NE 0.737 0.740 0.739 0.084
SW 0.866 0.814 0.052 SW 0.768 0.766 0.767 0.098
SE 0.863 0.804 0.059 SE 0.773 0.771 0.772 0.091
Data Analysis: Differences














NW 0.054 0.002 NW 0.046 0.002
NE 0.064 0.002 NE 0.054 0.000
SW 0.052 0.001 SW 0.050 0.004
SE 0.058 0.002 SE 0.058 0.001
Elongation Data
Cast Date Strand Location Elongation Strain
#2 29-Jul-04 A East-T 16.5 0.007325
#2 29-Jul-04 A West-T 15.9375 0.007075
#2 29-Jul-04 A East-B 16.75 0.007436
#2 29-Jul-04 A West-B 16.6875 0.007408
Data Analysis: Inferred Transfer Lengths (in)











1 15.12 17.61 14.56 15.70 Top
1 12.55 14.52 13.36 15.60 Bottom
99 28.55 27.85 28.41 28.94 Top
99 24.16 22.46 26.32 24.48 Bottom
218 29.12 28.81 28.83 30.04 Top















End Slip Data for Beam -RD8-5-1
Date cast: 29-Jul-04 Date tested: 30-Jul-04
Slip Reading on 04 March 2005
Bottom Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.877 0.776 0.101 NW 0.735 0.733 0.734 0.144
NE 0.877 0.785 0.092 NE 0.738 0.737 0.738 0.140
SW 0.856 0.762 0.094 SW 0.727 0.727 0.727 0.129
SE 0.849 0.775 0.074 SE 0.727 0.728 0.728 0.123
Slip Reading on 05 Nov 2004
Bottom Strand End Initial After 
Release
Difference Top KIR EDEN AVERAG
E Difference
NW 0.879 0.777 0.102 NW 0.748 0.745 0.747 0.132
NE 0.878 0.787 0.091 NE 0.744 0.744 0.744 0.134
SW 0.855 0.760 0.095 SW 0.738 0.739 0.739 0.117
SE 0.851 0.776 0.075 SE 0.739 0.741 0.740 0.110
Data Analysis: Differences











Cast Date Strand Location Elongation Strain
#2 7/29/2004 D East 16.5 0.007325
#2 7/29/2004 D West 16.25 0.007214
Data Analysis: Inferred Transfer Lengths (in)











1 28.14 24.98 26.20 20.34 Bottom
99 36.46 36.45 32.44 30.04 Bottom











End Slip Data for Beam -RD8-5-2
Date cast: 29-Jul-04 Date tested: 30-Jul-04
Slip Reading on 04 March 2005
Bottom Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.841 0.804 0.037 NW 0.728 0.725 0.727 0.116
NE 0.861 0.798 0.063 NE 0.705 0.702 0.704 0.157
SW 0.838 0.792 0.046 SW 0.728 0.725 0.727 0.113
SE 0.855 0.776 0.079 SE 0.600 0.599 0.600 0.255
Slip Reading on 05 Nov 2004
Bottom Strand End Initial After 
Release
Difference Top KIR EDEN AVERAG
E Difference
NW 0.843 0.804 0.039 NW 0.730 0.733 0.732 0.111
NE 0.859 0.799 0.060 NE 0.704 0.701 0.703 0.158
SW 0.840 0.791 0.049 SW 0.732 0.733 0.733 0.107
SE 0.854 0.776 0.078 SE 0.612 0.614 0.613 0.242
Data Analysis: Differences











Cast Date Strand Location Elongation Strain
#2 7/29/2004 D East 16.5 0.007325
#2 7/29/2004 D West 16.25 0.007214
Data Analysis: Inferred Transfer Lengths (in)











1 10.54 16.79 13.17 21.43 Bottom
99 30.64 43.01 29.53 65.94 Bottom











End Slip Data for Beam -RD8-5-1-T
Date cast: 29-Jul-04 Date tested: 30-Jul-04
Slip Reading on 04 March 2005
Top Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.823 0.757 0.066 NW 0.680 0.678 0.679 0.143
NE 0.864 0.771 0.093 NE 0.695 0.692 0.694 0.158
SW 0.846 0.777 0.069 SW 0.680 0.677 0.679 0.168
SE 0.840 0.775 0.065 SE 0.693 0.690 0.692 0.143
Slip Reading on 05 Nov 2004
Top Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.821 0.758 0.063 NW 0.684 0.684 0.684 0.138
NE 0.839 0.771 0.068 NE 0.696 0.696 0.696 0.156
SW 0.846 0.777 0.069 SW 0.691 0.690 0.691 0.156
SE 0.829 0.774 0.055 SE 0.700 0.701 0.701 0.134
Bottom Strand End Initial After Release
Difference
Slip Reading on 04 March 2005
NW 0.838 0.792 0.046 Bottom KIR EDEN AVERAG Difference
NE 0.905 0.772 0.133 NW 0.751 0.748 0.750 0.100
SW 0.855 0.759 0.096 NE 0.764 0.765 0.765 0.136
SE 0.843 0.735 0.108 SW 0.700 0.697 0.699 0.157
SE 0.679 0.678 0.679 0.164
Bottom Strand End Initial After 
Release
Difference
Slip Reading on 05 Nov 2004
NW 0.861 0.792 0.069 Bottom KIR EDEN AVERAG Difference
NE 0.895 0.772 0.123 NW 0.753 0.750 0.752 0.098
SW 0.856 0.762 0.094 NE 0.778 0.777 0.778 0.123
SE 0.842 0.736 0.106 SW 0.712 0.715 0.714 0.142
SE 0.690 0.688 0.689 0.154
Data Analysis: Differences














NW 0.064 0.002 NW 0.057 0.016
NE 0.081 0.018 NE 0.128 0.007
SW 0.069 0.000 SW 0.095 0.001
SE 0.060 0.007 SE 0.107 0.001
Elongation Data
Cast Date Strand Location Elongation Strain
#2 29-Jul-04 D East-T 16.4375 0.007297
#2 29-Jul-04 D West-T 16.5 0.007325
#2 29-Jul-04 D East-B 16.1875 0.007186
#2 29-Jul-04 D West-B 16.25 0.007214
Data Analysis: Inferred Transfer Lengths (in)











1 17.61 22.06 18.84 16.45 Top
1 15.94 35.63 26.34 29.78 Bottom
99 37.68 42.62 42.46 36.73 Top
99 27.17 34.09 39.37 42.72 Bottom
218 39.05 43.31 45.74 39.19 Top

















End Slip Data for Beam -RD8-5-2-T
Date cast: 29-Jul-04 Date tested: 30-Jul-04
Slip Reading on 04 March 2005
Top Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.865 0.761 0.104 NW 0.600 0.599 0.600 0.267
NE 0.862 0.761 0.101 NE 0.630 0.627 0.629 0.235
SW 0.821 0.727 0.094 SW 0.609 0.612 0.611 0.211
SE 0.840 0.755 0.085 SE 0.550 0.551 0.551 0.291
Slip Reading on 05 Nov 2004
Top Strand End Initial After 
Release
Difference Top KIR EDEN AVERAG
E Difference
NW 0.867 0.761 0.106 NW 0.604 0.603 0.604 0.263
NE 0.864 0.762 0.102 NE 0.633 0.630 0.632 0.232
SW 0.822 0.726 0.096 SW 0.611 0.611 0.611 0.211
SE 0.842 0.754 0.088 SE 0.550 0.550 0.550 0.291
Slip Reading on 04 March 2005
Bottom Strand End Initial After Release
Difference Bottom KIR EDEN AVERAGE Difference
NW 0.828 0.761 0.067 NW 0.654 0.657 0.656 0.174
NE 0.835 0.76 0.075 NE 0.630 0.628 0.629 0.207
SW 0.845 0.762 0.083 SW 0.715 0.717 0.716 0.128
SE 0.864 0.785 0.079 SE 0.741 0.739 0.740 0.124
Slip Reading on 05 nov 2004
Bottom Strand End Initial After 
Release
Difference Bottom KIR EDEN AVERAG
E Difference
NW 0.830 0.760 0.070 NW 0.657 0.655 0.656 0.173
NE 0.837 0.762 0.075 NE 0.644 0.641 0.643 0.194
SW 0.843 0.760 0.083 SW 0.716 0.716 0.716 0.128
SE 0.864 0.785 0.079 SE 0.754 0.751 0.753 0.112
Data Analysis: Differences














NW 0.105 0.001 NW 0.068 0.002
NE 0.102 0.001 NE 0.075 0.000
SW 0.095 0.001 SW 0.083 0.000
SE 0.087 0.002 SE 0.079 0.000
Elongation Data
Cast Date Strand Location Elongation Strain
#2 29-Jul-04 D East-T 16.4375 0.007297
#2 29-Jul-04 D West-T 16.5 0.007325
#2 29-Jul-04 D East-B 16.1875 0.007186
#2 29-Jul-04 D West-B 16.25 0.007214
Data Analysis: Inferred Transfer Lengths (in)











1 28.67 27.82 25.94 23.71 Top
1 18.99 20.87 23.01 21.99 Bottom
99 71.68 63.45 57.48 79.76 Top
99 47.96 53.86 35.49 31.03 Bottom
218 72.77 64.27 57.61 79.62 Top

















End Slip Data for Beam -RA10-5-1
Date cast: 9-Aug-04 Date tested: 10-Aug-04
Slip Reading on 4-Mar-05
Bottom Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.823 0.739 0.084 NW 0.742 0.743 0.743 0.081
NE 0.842 0.75 0.092 NE 0.745 0.747 0.746 0.096
SW 0.851 0.801 0.050 SW 0.788 0.790 0.789 0.062
SE 0.821 0.801 0.020 SE 0.790 0.787 0.789 0.033
Slip Reading on 9-Nov-04
Bottom Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.823 0.740 0.083 NW 0.743 0.741 0.742 0.081
NE 0.842 0.749 0.093 NE 0.748 0.748 0.748 0.094
SW 0.852 0.803 0.049 SW 0.794 0.795 0.795 0.057
SE 0.822 0.800 0.022 SE 0.790 0.791 0.791 0.031
Data Analysis: Differences











Cast Date Strand Location Elongation Strain
#4 8/9/2004  A East 16.25 0.007214
#4 8/9/2004 A West 16.4375 0.007297
Data Analysis: Inferred Transfer Lengths (in)











1 22.89 25.65 13.57 5.82 Bottom
92 22.20 26.06 15.62 8.59 Bottom










End Slip Data for Beam -RA10-5-2
Date cast: 9-Aug-04 Date tested: 10-Aug-04
Slip Reading on 04 March 2005
Bottom Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.914 0.868 0.046 NW 0.837 0.836 0.837 0.078
NE 0.876 0.83 0.046 NE 0.813 0.814 0.814 0.062
SW 0.927 0.871 0.056 SW 0.861 0.861 0.861 0.065
SE 0.873 0.818 0.055 SE 0.813 0.812 0.813 0.061
Slip Reading onDev Length




NW 0.914 0.867 0.047 NW 0.834 0.080
NE 0.874 0.828 0.046 NE 0.809 0.066
SW 0.924 0.872 0.052 SW 0.844 0.082
SE 0.874 0.819 0.055 SE 0.813 0.061
Data Analysis: Differences











Cast Date Strand Location Elongation Strain
#4 8/9/2004  A East 16.25 0.007214
#4 8/9/2004 A West 16.4375 0.007297
Data Analysis: Inferred Transfer Lengths (in)











1 12.75 12.75 14.80 15.25 Bottom
92 21.93 18.30 22.34 16.77 Bottom










End Slip Data for Beam -RA10-5-1-T
Date cast: 9-Aug-04 Date tested: 10-Aug-04
Slip Reading on 04 March 2005
Top Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.815 0.763 0.052 NW 0.735 0.735 0.735 0.081
NE 0.797 0.742 0.055 NE 0.719 0.721 0.720 0.076
SW 0.849 0.809 0.040 SW 0.784 0.781 0.783 0.066
SE 0.878 0.832 0.046 SE 0.805 0.806 0.806 0.073
Slip Reading on 05 Nov 2004
Top Strand End Initial After 
Release
Difference Top KIR EDEN AVERAG
E Difference
NW 0.817 0.765 0.052 NW 0.735 0.735 0.735 0.081
NE 0.794 0.745 0.049 NE 0.719 0.721 0.720 0.076
SW 0.848 0.807 0.041 SW 0.785 0.787 0.786 0.063
SE 0.879 0.831 0.048 SE 0.804 0.804 0.804 0.075
Slip Reading on 04 March 2005
Bottom Strand End Initial After Release
Difference Bottom KIR EDEN AVERAGE Difference
NW 0.906 0.842 0.064 NW 0.835 0.836 0.836 0.072
NE 0.913 0.849 0.064 NE 0.842 0.845 0.844 0.069
SW 0.855 0.813 0.042 SW 0.800 0.801 0.801 0.054
SE 0.858 0.814 0.044 SE 0.796 0.797 0.797 0.061
Slip Reading on 05 Novt 2004
Bottom Strand End Initial After 
Release
Difference Bottom KIR EDEN AVERAG
E Difference
NW 0.909 0.843 0.066 NW 0.837 0.839 0.838 0.070
NE 0.912 0.848 0.064 NE 0.844 0.846 0.845 0.068
SW 0.854 0.815 0.039 SW 0.804 0.802 0.803 0.052
SE 0.856 0.813 0.043 SE 0.799 0.798 0.799 0.059
Data Analysis: Differences














NW 0.052 0.000 NW 0.065 0.001
NE 0.052 0.004 NE 0.064 0.000
SW 0.040 0.001 SW 0.041 0.002
SE 0.047 0.001 SE 0.044 0.001
Elongation Data
Cast Date Strand Location Elongation Strain
#4 9-Aug-04 A East-T 15.6875 0.006964
#4 9-Aug-04 A West-T 16.125 0.007158
#4 8/9/2004 A East-B 16.25 0.007214
#4 8/9/2004 A West-B 16.125 0.007158
Data Analysis: Inferred Transfer Lengths (in)











1 14.53 14.93 11.32 13.50 Top
1 18.16 17.74 11.32 12.06 Bottom
92 22.63 21.68 17.46 21.40 Top
92 19.42 18.71 14.39 16.22 Bottom
207 22.63 21.68 18.44 20.97 Top















End Slip Data for Beam -RA10-5-2-T
Date cast: 9-Aug-04 Date tested: 10-Aug-04
Slip Reading on 04 March 2005
Top Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.845 0.793 0.052 NW 0.765 0.766 0.766 0.079
NE 0.819 0.782 0.037 NE 0.788 0.787 0.788 0.032
SW 0.897 0.850 0.047 SW 0.813 0.812 0.813 0.084
SE 0.852 0.814 0.038 SE 0.778 0.781 0.780 0.074
Slip Reading on 05 Nov 2004
Top Strand End Initial After 
Release
Difference Top KIR EDEN AVERAG
E Difference
NW 0.844 0.795 0.049 NW 0.768 0.767 0.768 0.077
NE 0.820 0.783 0.037 NE 0.788 0.786 0.787 0.032
SW 0.896 0.850 0.046 SW 0.814 0.814 0.814 0.083
SE 0.855 0.815 0.040 SE 0.779 0.779 0.779 0.074
Slip Reading on 04 March 2005
Bottom Strand End Initial After Release
Difference Bottom KIR EDEN AVERAGE Difference
NW 0.902 0.862 0.040 NW 0.840 0.839 0.840 0.062
NE 0.924 0.881 0.043 NE 0.862 0.861 0.862 0.063
SW 0.938 0.885 0.053 SW 0.871 0.870 0.871 0.067
SE 0.927 0.885 0.042 SE 0.875 0.875 0.875 0.052
Slip Reading on 05 Nov 2004
Bottom Strand End Initial After 
Release
Difference Bottom KIR EDEN AVERAG
E Difference
NW 0.901 0.859 0.042 NW 0.844 0.845 0.845 0.057
NE 0.924 0.879 0.045 NE 0.862 0.862 0.862 0.062
SW 0.936 0.885 0.051 SW 0.872 0.870 0.871 0.066
SE 0.926 0.883 0.043 SE 0.875 0.876 0.876 0.051
Data Analysis: Differences














NW 0.050 0.002 NW 0.041 0.001
NE 0.037 0.000 NE 0.044 0.001
SW 0.047 0.001 SW 0.052 0.001
SE 0.039 0.001 SE 0.043 0.001
Elongation Data
Cast Date Strand Location Elongation Strain
#4 9-Aug-04 A East-T 15.6875 0.006964
#4 9-Aug-04 A West-T 16.125 0.007158
#4 8/9/2004 A East-B 16.25 0.007214
#4 8/9/2004 A West-B 16.125 0.007158
Data Analysis: Inferred Transfer Lengths (in)











1 14.11 10.63 12.99 11.20 Top
1 11.46 12.20 14.53 11.78 Bottom
92 21.51 9.33 23.05 21.40 Top
92 15.93 17.19 18.44 14.14 Bottom
207 22.07 9.19 23.47 21.25 Top















End Slip Data for Beam -RD10-5-1
Date cast: 9-Aug-04 Date tested: 10-Aug-04
Slip Reading on 04 March 2005
Bottom Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.885 0.781 0.104 NW 0.775 0.774 0.775 0.110
NE 0.947 0.876 0.071 NE 0.961
SW 0.852 0.789 0.063 SW 0.760 0.761 0.761 0.093
SE 0.879 0.82 0.059 SE 0.773 0.776 0.775 0.104
Slip Reading on 09 Nov 2004
Bottom Strand End Initial After 
Release
Difference Top KIR EDEN AVERAG
E Difference
NW 0.883 0.780 0.103 NW 0.779 0.778 0.779 0.106
NE 0.974 0.875 0.099 NE 0.874 0.875 0.875 0.086
SW 0.854 0.790 0.064 SW 0.761 0.762 0.762 0.091
SE 0.878 0.820 0.058 SE 0.778 0.778 0.778 0.101
Data Analysis: Differences











Cast Date Strand Location Elongation Strain
#4 8/9/2004 D East 16.3125 0.007241
#4 8/9/2004 D West 16.3125 0.007241
Data Analysis: Inferred Transfer Lengths (in)











1 28.59 23.48 17.54 16.16 Bottom
92 29.14 23.75 25.27 27.76 Bottom










End Slip Data for Beam -RD10-5-2
Date cast: 9-Aug-04 Date tested: 10-Aug-04
Slip Reading on 04 March 2005
Bottom Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.905 0.848 0.057 NW 0.819 0.819 0.819 0.087
NE 0.89 0.841 0.049 NE 0.815 0.817 0.816 0.075
SW 0.922 0.861 0.061 SW 0.848 0.848 0.848 0.075
SE 0.924 0.854 0.070 SE 0.838 0.840 0.839 0.085
Slip Reading on 09 Nov 2004
Bottom Strand End Initial After 
Release
Difference Top KIR EDEN AVERAG
E Difference
NW 0.906 0.849 0.057 NW 0.829 0.832 0.831 0.075
NE 0.892 0.840 0.052 NE 0.830 0.831 0.831 0.061
SW 0.923 0.860 0.063 SW 0.849 0.849 0.849 0.074
SE 0.924 0.854 0.070 SE 0.837 0.835 0.836 0.088
Data Analysis: Differences











Cast Date Strand Location Elongation Strain
#4 8/9/2004 D East 16.3125 0.007241
#4 8/9/2004 D West 16.3125 0.007241
Data Analysis: Inferred Transfer Lengths (in)











1 15.74 13.95 17.12 19.33 Bottom
92 20.71 16.71 20.30 24.30 Bottom










End Slip Data for Beam -RD10-5-1-T
Date cast: 9-Aug-04 Date tested: 10-Aug-04
Slip Reading on 04 March 2005
Top Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.809 0.745 0.064 NW 0.712 0.709 0.711 0.099
NE 0.812 0.750 0.062 NE 0.691 0.689 0.690 0.123
SW 0.831 0.770 0.061 SW 0.725 0.722 0.724 0.107
SE 0.837 0.780 0.057 SE 0.747 0.745 0.746 0.092
Slip Reading on 05 Nov 2004
Top Strand End Initial After 
Release
Difference Top KIR EDEN AVERAG
E Difference
NW 0.810 0.747 0.063 NW 0.714 0.716 0.715 0.095
NE 0.813 0.752 0.061 NE 0.701 0.704 0.703 0.110
SW 0.830 0.771 0.059 SW 0.725 0.726 0.726 0.105
SE 0.839 0.782 0.057 SE 0.749 0.750 0.750 0.088
Slip Reading on 04 March 2005
Bottom Strand End Initial After Release
Difference Bottom KIR EDEN AVERAGE Difference
NW 0.848 0.77 0.078 NW
NE 0.897 0.818 0.079 NE
SW 0.913 0.85 0.063 SW 0.821 0.823 0.822 0.092
SE 0.89 0.832 0.058 SE 0.808 0.811 0.810 0.081
Slip Reading on 05 Nov 2004
Bottom Strand End Initial After 
Release
Difference Bottom KIR EDEN AVERAG
E Difference
NW 0.847 0.771 0.076 NW 0.767 0.768 0.768 0.080
NE 0.896 0.818 0.078 NE 0.806 0.806 0.806 0.091
SW 0.914 0.850 0.064 SW 0.825 0.828 0.827 0.087
SE 0.891 0.832 0.059 SE 0.821 0.820 0.821 0.070
Data Analysis: Differences














NW 0.064 0.001 NW 0.077 0.001
NE 0.062 0.001 NE 0.079 0.001
SW 0.060 0.001 SW 0.064 0.001
SE 0.057 0.000 SE 0.059 0.001
Elongation Data
Cast Date Strand Location Elongation Strain
#4 9-Aug-04 D East-T 16.5 0.007325
#4 9-Aug-04 D West-T 16.5625 0.007352
#4 9-Aug-04 D East-B 16.25 0.007214
#4 9-Aug-04 D West-B 16.4375 0.007297
Data Analysis: Inferred Transfer Lengths (in)











1 17.27 16.79 16.32 15.56 Top
1 21.10 21.76 17.40 16.22 Bottom
92 25.71 30.04 28.56 24.17 Top
92 21.93 25.09 23.85 19.41 Bottom
207 26.93 33.45 29.11 25.12 Top
















End Slip Data for Beam -RD10-5-2-T
Date cast: 9-Aug-04 Date tested: 10-Aug-04
Slip Reading on 04 March 2005
Top Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.897 0.838 0.059 NW 0.807 0.805 0.806 0.091
NE 0.874 0.805 0.069 NE 0.772 0.769 0.771 0.105
SW 1.064 1.023 0.041 SW 0.979 0.976 0.978 0.087
SE 0.900 0.845 0.055 SE 0.790 0.789 0.790 0.112
Slip Reading on 09 Nov 2004
Top Strand End Initial After 
Release
Difference Top KIR EDEN AVERAG
E Difference
NW 0.896 0.836 0.060 NW 0.809 0.806 0.808 0.089
NE 0.876 0.806 0.070 NE 0.770 0.772 0.771 0.104
SW 1.064 1.022 0.042 SW 0.987 0.989 0.988 0.076
SE 0.902 0.847 0.055 SE 0.795 0.793 0.794 0.107
Slip Reading on 04 March 2005
Bottom Strand End Initial After Release
Difference Bottom KIR EDEN AVERAGE Difference
NW 0.942 0.879 0.063 NW 0.837 0.834 0.836 0.106
NE 0.912 0.853 0.059 NE 0.811 0.814 0.813 0.099
SW 1 0.94 0.060 SW
SE 0.849 0.795 0.054 SE 0.750 0.749 0.750 0.099
Slip Reading on 09 Nov 2004
Bottom Strand End Initial After 
Release
Difference Bottom KIR EDEN AVERAG
E Difference
NW 0.941 0.879 0.062 NW 0.847 0.846 0.847 0.095
NE 0.910 0.851 0.059 NE 0.817 0.818 0.818 0.094
SW 1.001 0.940 0.061 SW
SE 0.849 0.793 0.056 SE 0.767 0.765 0.766 0.083
Data Analysis: Differences














NW 0.060 0.001 NW 0.062 0.001
NE 0.070 0.001 NE 0.059 0.000
SW 0.042 0.001 SW 0.061 0.001
SE 0.055 0.000 SE 0.055 0.001
Elongation Data
Cast Date Strand Location Elongation Strain
#4 9-Aug-04 D East-T 16.5 0.007325
#4 9-Aug-04 D West-T 16.5625 0.007352
#4 8/9/2004 D East-B 16.25 0.007214
#4 8/9/2004 D West-B 16.4375 0.007297
Data Analysis: Inferred Transfer Lengths (in)











1 16.19 18.98 11.29 15.02 Top
1 17.13 16.36 16.58 15.25 Bottom
92 24.21 28.40 20.67 29.22 Top
92 26.04 25.92 23.01 Bottom
207 24.62 28.53 23.53 30.45 Top
















End Slip Data for Beam -RA6-6-1
Date cast: 12-Aug-04 Date tested: 13-Aug-04
Slip Reading on 4-Mar-05
Bottom Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.898 0.793 0.105 NW 0.761 0.761 0.761 0.136
NE 0.959 0.861 0.098 NE 0.815 0.818 0.817 0.142
SW 0.983 0.895 0.088 SW 0.815 0.812 0.814 0.170
SE 0.695 0.594 0.101 SE 0.490 0.493 0.492 0.205
Slip Reading on 9-Nov-04
Bottom Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.895 0.792 0.103 NW 0.767 0.764 0.766 0.131
NE 0.958 0.860 0.098 NE 0.825 0.824 0.825 0.134
SW 0.984 0.892 0.092 SW 0.834 0.831 0.833 0.151
SE 0.697 0.595 0.102 SE 0.546 0.544 0.545 0.151
Data Analysis: Differences











Cast Date Strand Location Elongation Strain
#5 12-Aug-04 D East 15.8125 0.006781
#5 12-Aug-04 D West 15.875 0.006808
Data Analysis: Inferred Transfer Lengths (in)











1 30.55 28.91 26.44 29.94 Bottom
89 38.49 39.52 44.36 44.54 Bottom










End Slip Data for Beam -RA6-6-2
Date cast: 12-Aug-04 Date tested: 13-Aug-04
Slip Reading on 04 March 2005
Bottom Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.830 0.732 0.098 NW 0.668 0.665 0.667 0.164
NE 0.880 0.766 0.114 NE 0.691 0.688 0.690 0.191
SW 0.908 0.800 0.108 SW 0.725 0.725 0.725 0.182
SE 0.888 0.792 0.096 SE 0.736 0.733 0.735 0.154
Slip Reading on 09 Nov 2004
Bottom Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.831 0.730 0.101 NW 0.675 0.674 0.675 0.156
NE 0.880 0.763 0.117 NE 0.703 0.700 0.702 0.179
SW 0.905 0.797 0.108 SW 0.730 0.730 0.730 0.177
SE 0.889 0.792 0.097 SE 0.737 0.738 0.738 0.151
Data Analysis: Differences











Cast Date Strand Location Elongation Strain
#5 12-Aug-04 D East 15.8125 0.006781
#5 12-Aug-04 D West 15.875 0.006808
Data Analysis: Inferred Transfer Lengths (in)











1 29.23 34.07 31.73 28.46 Bottom
89 45.83 52.65 51.85 44.54 Bottom










End Slip Data for Beam -RA6-6-3
Date cast: 12-Aug-04 Date tested: 13-Aug-04
Slip Reading on 04 March 2005
Bottom Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.830 0.742 0.088 NW 0.668 0.671 0.670 0.162
NE 0.831 0.744 0.087 NE 0.687 0.685 0.686 0.144
SW 0.882 0.769 0.113 SW 0.730 0.733 0.732 0.149
SE 0.819 0.701 0.118 SE 0.655 0.658 0.657 0.163
Slip Reading on 09 Nov 2004
Bottom Strand End Initial After 
Release
Difference Top KIR EDEN AVERAG
E Difference
NW 0.833 0.739 0.094 NW 0.674 0.676 0.675 0.157
NE 0.828 0.746 0.082 NE 0.685 0.688 0.687 0.143
SW 0.879 0.770 0.109 SW 0.735 0.737 0.736 0.145
SE 0.820 0.703 0.117 SE 0.659 0.660 0.660 0.160
Data Analysis: Differences










Cast Date Strand Location Elongation Strain
#5 12-Aug-04 D East 15.8125 0.006781
#5 12-Aug-04 D West 15.875 0.006808
Data Analysis: Inferred Transfer Lengths (in)











1 26.73 24.92 32.61 34.66 Bottom
89 45.98 42.18 42.45 47.19 Bottom










End Slip Data for Beam -RA8-6-1
Date cast: 12-Aug-04 Date tested: 13-Aug-04
Slip Reading on 04 March 2005
Bottom Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.891 0.792 0.099 NW 0.729 0.730 0.730 0.162
NE 0.857 0.764 0.093 NE 0.712 0.709 0.711 0.148
SW 0.892 0.786 0.106 SW 0.746 0.747 0.747 0.146
SE 0.860 0.765 0.095 SE 0.711 0.708 0.710 0.150
Slip Reading on 09 Nov 2004
Bottom Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.891 0.793 0.098 NW 0.737 0.734 0.736 0.156
NE 0.860 0.766 0.094 NE 0.716 0.715 0.716 0.143
SW 0.893 0.788 0.105 SW 0.747 0.744 0.746 0.147
SE 0.858 0.767 0.091 SE 0.712 0.711 0.712 0.148
Data Analysis: Differences











Cast Date Strand Location Elongation Strain
#5 12-Aug-04 D East 16 0.006861
#5 12-Aug-04 D West 15.75 0.006754
Data Analysis: Inferred Transfer Lengths (in)











1 29.17 27.25 31.24 27.11 Bottom
89 46.05 41.68 43.53 43.00 Bottom










End Slip Data for Beam -RA8-6-2
Date cast: 12-Aug-04 Date tested: 13-Aug-04
Slip Reading on 04 March 2005
Bottom Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.882 0.790 0.092 NW 0.725 0.724 0.725 0.159
NE 0.890 0.792 0.098 NE 0.735 0.732 0.734 0.157
SW 0.838 0.755 0.083 SW 0.698 0.695 0.697 0.141
SE 0.836 0.742 0.094 SE 0.685 0.688 0.687 0.148
Slip Reading on 09 Nov 2004
Bottom Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.885 0.790 0.095 NW 0.725 0.725 0.725 0.159
NE 0.890 0.791 0.099 NE 0.732 0.735 0.734 0.157
SW 0.836 0.755 0.081 SW 0.696 0.697 0.697 0.141
SE 0.833 0.741 0.092 SE 0.689 0.689 0.689 0.146
Data Analysis: Differences











Cast Date Strand Location Elongation Strain
#5 12-Aug-04 D East 16 0.006861
#5 12-Aug-04 D West 15.75 0.006754
Data Analysis: Inferred Transfer Lengths (in)











1 27.69 28.71 24.28 27.11 Bottom
89 46.94 45.62 41.60 43.09 Bottom










End Slip Data for Beam -RA8-6-3
Date cast: 12-Aug-04 Date tested: 13-Aug-04
Slip Reading on 04 March 2005
Bottom Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.824 0.766 0.058 NW 0.695 0.695 0.695 0.130
NE 0.831 0.735 0.096 NE 0.668 0.665 0.667 0.163
SW 0.869 0.779 0.090 SW 0.698 0.695 0.697 0.172
SE 0.873 0.771 0.102 SE 0.711 0.709 0.710 0.164
Slip Reading on 09 Nov 2004
Bottom Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.826 0.765 0.061 NW 0.703 0.702 0.703 0.123
NE 0.828 0.732 0.096 NE 0.673 0.670 0.672 0.158
SW 0.867 0.777 0.090 SW 0.709 0.712 0.711 0.158
SE 0.874 0.771 0.103 SE 0.710 0.713 0.712 0.162
Data Analysis: Differences











Cast Date Strand Location Elongation Strain
#5 12-Aug-04 D East 16 0.006861
#5 12-Aug-04 D West 15.75 0.006754
Data Analysis: Inferred Transfer Lengths (in)











1 17.62 27.98 26.65 29.88 Bottom
89 36.27 46.06 46.64 47.22 Bottom










End Slip Data for Beam -RA10-6-1
Date cast: 12-Aug-04 Date tested: 13-Aug-04
Slip Reading on 04 March 2005
Bottom Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.873 0.802 0.071 NW 0.769 0.772 0.771 0.104
NE 0.865 0.798 0.067 NE 0.758 0.760 0.759 0.103
SW 0.861 0.787 0.074 SW 0.745 0.746 0.746 0.117
SE 0.889 0.814 0.075 SE 0.783 0.785 0.784 0.105
Slip Reading on 09 Nov 2004
Bottom Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.875 0.800 0.075 NW 0.769 0.771 0.770 0.104
NE 0.859 0.796 0.063 NE 0.773 0.772 0.773 0.090
SW 0.863 0.786 0.077 SW 0.761 0.764 0.763 0.100
SE 0.889 0.813 0.076 SE 0.789 0.791 0.790 0.099
Data Analysis: Differences











Cast Date Strand Location Elongation Strain
#5 8/12/2004 D East 16 0.006861
#5 8/12/2004 D West 16.125 0.006915
Data Analysis: Inferred Transfer Lengths (in)











1 21.11 18.95 21.84 22.01 Bottom
89 30.08 26.09 28.78 28.86 Bottom










End Slip Data for Beam -RA10-6-2
Date cast: 12-Aug-04 Date tested: 13-Aug-04
Slip Reading on 04 March 2005
Bottom Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.904 0.861 0.043 NW 0.814 0.815 0.815 0.089
NE 0.958 0.892 0.066 NE 0.860 0.863 0.862 0.096
SW 0.861 0.790 0.071 SW 0.753 0.754 0.754 0.109
SE 0.882 0.804 0.078 SE 0.777 0.780 0.779 0.103
Slip Reading on 09 Nov 2004
Bottom Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.903 0.863 0.040 NW 0.816 0.817 0.817 0.087
NE 0.956 0.890 0.066 NE 0.865 0.863 0.864 0.093
SW 0.863 0.789 0.074 SW 0.760 0.759 0.760 0.103
SE 0.881 0.804 0.077 SE 0.780 0.782 0.781 0.101
Data Analysis: Differences











Cast Date Strand Location Elongation Strain
#5 8/12/2004 D East 16 0.006861
#5 8/12/2004 D West 16.125 0.006915
Data Analysis: Inferred Transfer Lengths (in)











1 12.00 19.24 20.97 22.59 Bottom
89 25.16 27.11 29.65 29.30 Bottom










End Slip Data for Beam -RA10-6-3
Date cast: 12-Aug-04 Date tested: 13-Aug-04
Slip Reading on 04 March 2005
Bottom Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.822 0.772 0.050 NW 0.723 0.725 0.724 0.098
NE 0.838 0.774 0.064 NE 0.743 0.747 0.745 0.093
SW 0.823 0.750 0.073 SW 0.702 0.705 0.704 0.119
SE 0.849 0.763 0.086 SE 0.738 0.735 0.737 0.111
Slip Reading on 09 Nov 2004
Bottom Strand End Initial After Release
Difference Top KIR EDEN AVERAGE Difference
NW 0.822 0.775 0.047 NW 0.730 0.730 0.730 0.092
NE 0.838 0.774 0.064 NE 0.749 0.751 0.750 0.088
SW 0.821 0.749 0.072 SW 0.707 0.709 0.708 0.114
SE 0.846 0.764 0.082 SE 0.739 0.739 0.739 0.109
Data Analysis: Differences











Cast Date Strand Location Elongation Strain
#5 12-Aug-04 D East 16 0.006861
#5 12-Aug-04 D West 16.125 0.006915
Data Analysis: Inferred Transfer Lengths (in)











1 14.03 18.66 20.97 24.49 Bottom
89 26.61 25.65 32.97 31.63 Bottom






















End Slip Data for Beam -IB6-5-1
Date cast: 17-Mar-05 Date tested: 18-Mar-05
Bottom Strand End Initial After 
Release
Difference Testing Diff
NE 0.518 0.456 0.062 0.437 0.081
NC 0.573 0.533 0.040 0.52 0.053
NW 0.455 0.388 0.067 0.365 0.09
NM 0.856 0.797 0.059 0.774 0.082
NT 0.633 0.553 0.080 0.499 0.134
Bottom Strand End Initial After Release
Difference
NE 0.517 0.456 0.061
NC 0.573 0.532 0.041
NW 0.454 0.386 0.068
NM 0.853 0.796 0.057
NT 0.632 0.552 0.080
Bottom Strand End Initial After Release
Difference Testing Diff
SE 0.659 0.633 0.026 0.609 0.050
SC 0.784 0.749 0.035 0.724 0.060
SW 0.704 0.695 0.009 0.69 0.014
SM 0.546 0.522 0.024 0.494 0.052
ST 0.733 0.709 0.024 0.647 0.086
Bottom Strand End Initial After Release
Difference
SE 0.658 0.635 0.023
SC 0.783 0.748 0.035
SW 0.707 0.694 0.013
SM 0.544 0.521 0.023
ST 0.731 0.709 0.022
Data Analysis: Differences
Bottom Strand End Average 
Difference






NE 0.062 SE 0.025 0.002
NC 0.040 SC 0.035 0.000
NW 0.068 SW 0.011 0.003
NM 0.058 SM 0.024 0.001
NT 0.080 ST 0.023 0.001
Elongation Data
Cast Date Strand Location Elongation Strain
17-Mar-05 D East 8.75 0.007629
17-Mar-05 D Central 8.5 0.007411
17-Mar-05 D West 8.6875 0.007575
17-Mar-05 D Middle 8.3125 0.007248
17-Mar-05 D Top 8.5625 0.007466
Data Analysis: Inferred Transfer Lengths (in)











Bottom 16.12 10.93 17.82 16.00 21.43
21.23 14.30 23.76 22.63 35.90











Bottom 6.42 9.45 2.90 6.48 6.16
















End Slip Data for Beam -IB10-5-1
Date cast: 15-Mar-05 Date tested: 16-Mar-05
Bottom Strand End Initial After Release
Difference Testing Diff
NE 0.745 0.7 0.045 0.685 0.06
NC 0.995 0.951 0.044 0.906 0.089
NW 0.695 0.656 0.039 0.621 0.074
NM 0.75 0.709 0.041 0.693 0.057
NT 0.624 0.552 0.072 0.537 0.087
Bottom Strand End Initial After Release
Difference
NE 0.741 0.701 0.040
NC 0.996 0.954 0.042
NW 0.696 0.659 0.037
NM 0.747 0.706 0.041
NT 0.624 0.552 0.072
Bottom Strand End Initial After Release
Difference Testing Diff
SE 0.817 0.770 0.047 0.702 0.115
SC 0.980 0.958 0.022 0.942 0.038
SW 0.942 0.905 0.037 0.888 0.054
SM 0.887 0.860 0.027 0.845 0.042
ST 0.784 0.730 0.054 0.703 0.081
Bottom Strand End Initial After Release
Difference
SE 0.818 0.770 0.048
SC 0.979 0.958 0.021
SW 0.945 0.907 0.038
SM 0.888 0.862 0.026
ST 0.786 0.733 0.053
Data Analysis: Differences














NE 0.043 0.004 SE 0.047 0.001
NC 0.043 0.001 SC 0.022 0.001
NW 0.038 0.001 SW 0.037 0.001
NM 0.041 0.000 SM 0.027 0.001
NT 0.072 0.000 ST 0.054 0.001
Elongation Data
Cast Date Strand Location Elongation Strain
15-Mar-05 D East 8.75 0.007629
15-Mar-05 D Central 8.5 0.007411
15-Mar-05 D West 8.6875 0.007575
15-Mar-05 D Middle 8.3125 0.007248
15-Mar-05 D Top 8.5625 0.007466
Data Analysis: Inferred Transfer Lengths (in)











Bottom 11.14 11.60 10.03 11.31 19.29
15.73 24.02 19.54 15.73 23.31











Bottom 12.45 5.80 9.90 7.31 14.33















End Slip Data for Beam -ID6-5-1
Date cast: 15-Mar-05 Date tested: 16-Mar-05
Bottom Strand End Initial After Release
Difference Dev 
Length Diff
NE 0.671 0.579 0.092 0.541 0.130
NC 0.791 0.695 0.096 0.593 0.198
NW 0.634 0.551 0.083 0.519 0.115
NM 0.54 0.44 0.100 0.411 0.129
NT 0.811 0.691 0.120 0.566 0.245
Bottom Strand End Initial After Release
Difference
NE 0.668 0.580 0.088
NC 0.790 0.694 0.096
NW 0.632 0.550 0.082
NM 0.542 0.440 0.102
NT 0.811 0.688 0.123
Bottom Strand End Initial After Release
Difference Dev 
Length Diff
SE 0.683 0.638 0.045 0.513 0.170
SC
SW 0.887 0.878 0.009 0.855 0.032
SM 0.070 0.030 0.040 0.977 -0.907
ST 0.866 0.768 0.098 0.636 0.230
Bottom Strand End Initial After Release
Difference
SE 0.682 0.637 0.045
SC
SW 0.885 0.876 0.009
SM 0.068 0.031 0.037
ST 0.869 0.766 0.103
Data Analysis: Differences






NE 0.090 SE 0.045
NC 0.096 SC
NW 0.083 SW 0.009
NM 0.101 SM 0.039
NT 0.122 ST 0.101
Elongation Data
Cast Date Strand Location Elongation Strain
15-Mar-05 D East 8.4375 0.007357
15-Mar-05 D Central 8.25 0.007193
15-Mar-05 D West 8.0625 0.00703
15-Mar-05 D Middle 8 0.006975
15-Mar-05 D Top 7.6875 0.006703
Data Analysis: Inferred Transfer Lengths (in)











Release 24.47 26.69 23.47 28.96 36.25
Testing 35.34 55.05 32.72 36.99 73.10











Release 12.23 2.56 11.04 29.99
















End Slip Data for Beam -ID10-5-1
Date cast: 15-Mar-05 Date tested: 16-Mar-05
Bottom Strand End Initial After Release
Difference Testing Diff
NE 0.783 0.713 0.070 0.674 0.109
NC 0.823 0.765 0.058 0.683 0.14
NW 0.78 0.709 0.071 0.638 0.142
NM 0.789 0.707 0.082 0.643 0.146
NT 0.772
Bottom Strand End Initial After 
Release
Difference
NE 0.783 0.713 0.070
NC 0.825 0.768 0.057
NW 0.780 0.708 0.072
NM 0.790 0.708 0.082
NT 0.775
Bottom Strand End Initial After Release
Difference Testing Diff
SE 0.850 0.779 0.071 0.766 0.084
SC 0.899 0.823 0.076 0.694 0.205
SW 0.845 0.763 0.082 0.737 0.108
SM 0.789 0.705 0.084 0.604 0.185
ST 0.855 0.798 0.057 0.735 0.120
Bottom Strand End Initial After 
Release
Difference
SE 0.849 0.780 0.069
SC 0.898 0.822 0.076
SW 0.848 0.764 0.084
SM 0.789 0.706 0.083
ST 0.855 0.799 0.056
Data Analysis: Differences
Bottom Strand End Average 
Difference






NE 0.070 SE 0.070 0.001
NC 0.057 SC 0.076 0.000
NW 0.072 SW 0.083 0.001
NM 0.082 SM 0.084 0.001
NT ST 0.056 0.001
Elongation Data
Cast Date Strand Location Elongation Strain
15-Mar-05 D East 8.4375 0.007357
15-Mar-05 D Central 8.25 0.007193
15-Mar-05 D West 8.0625 0.00703
15-Mar-05 D Middle 8 0.006975
15-Mar-05 D Top 7.6875 0.006703
Data Analysis: Inferred Transfer Lengths (in)











Bottom 19.03 15.99 20.34 23.51
29.63 38.93 40.40 41.86











Bottom 19.03 21.13 23.61 23.94 16.86
















End Slip Data for Beam -IA6-6-1
Date cast: 15-Mar-05 Date tested: 16-Mar-05
Bottom Strand End Initial After Release
Difference Testing Diff
NE 0.867 0.795 0.072
NC 0.856 0.777 0.079
NW 0.849 0.73 0.119
NM 0.000
NT 0.722 0.631 0.091 0.455 0.267
Bottom Strand End Initial After Release
Difference
NE 0.865 0.792 0.073
NC 0.859 0.780 0.079
NW 0.848 0.728 0.120
NM 0.000
NT 0.722 0.630 0.092
Bottom Strand End Initial After Release
Difference Testing Diff
SE 0.374 0.309 0.065 0.229 0.145
SC 0.411 0.330 0.081 0.433 -0.022
SW 0.489 0.399 0.090 0.606 -0.117
SM 0.000
ST 0.633 0.596 0.037 0.51 0.123
Bottom Strand End Initial After Release
Difference
SE 0.372 0.308 0.064
SC 0.408 0.331 0.077
SW 0.487 0.399 0.088
SM 0.000
ST 0.636 0.598 0.038
Data Analysis: Differences














NE 0.073 0.001 SE 0.065 0.001
NC 0.079 0.000 SC 0.079 0.003
NW 0.120 0.001 SW 0.089 0.001
NM 0.000 0.000 SM 0.000 0.000
NT 0.092 0.001 ST 0.038 0.001
Elongation Data
Cast Date Strand Location Elongation Strain
22-Mar-05 A East 8.5625 0.007897
22-Mar-05 A Central 8.5 0.00784
22-Mar-05 A West 8.6875 0.008013
22-Mar-05 A Top 8.6875 0.008013
Data Analysis: Inferred Transfer Lengths (in)









Release 18.36 20.15 29.83 22.84
Testing 66.64

























End Slip Data for Beam -IA6-6-2
Date cast: 15-Mar-05 Date tested: 16-Mar-05
Bottom Strand End Initial After Release
Difference During 
Testing Diff.
NE 0.889 0.851 0.038 0.782 0.107
NC 0.899 0.811 0.088 0.759 0.140
NW 0.92 0.858 0.062 0.800 0.120
NM 0.000
NT 0.821 0.74 0.081 0.237 0.584
Bottom Strand End Initial After Release
Difference
NE 0.886 0.848 0.038
NC 0.897 0.808 0.089
NW 0.919 0.857 0.062
NM 0.000
NT 0.820 0.739 0.081
Bottom Strand End Initial After Release
Difference During 
Testing Diff.
SE 0.717 0.662 0.055 0.604 0.113
SC 0.680 0.622 0.058 0.584 0.096
SW 0.708 0.632 0.076 0.557 0.151
SM 0.000
ST 0.739 0.649 0.090
Bottom Strand End Initial After Release
Difference
SE 0.718 0.661 0.057
SC 0.682 0.623 0.059
SW 0.711 0.631 0.080
SM 0.000
ST 0.736 0.651 0.085
Data Analysis: Differences













NE 0.038 0.000 SE 0.056 0.001
NC 0.089 0.001 SC 0.059 0.001
NW 0.062 0.000 SW 0.078 0.003
NM 0.000 0.000 SM 0.000 0.000
NT 0.081 0.000 ST 0.088 0.004
Elongation Data
Cast Date Strand Location Elongation Strain
22-Mar-05 A East 8.5625 0.007897
22-Mar-05 A Central 8.5 0.00784
22-Mar-05 A West 8.6875 0.008013
22-Mar-05 A Top 8.6875 0.008013
Data Analysis: Inferred Transfer Lengths (in)









Release 9.62 22.58 15.48 20.22
Testing 27.10 35.72 29.95









Release 14.18 14.92 19.47 21.84















End Slip Data for Beam -IA10-6-1
Date cast: 12-Apr-05 Date tested: 13-Apr-05
Bottom Strand End Initial After 
Release
Difference
NE 0.208 0.168 0.040
NC 0.227 0.185 0.042
NW 0.255 0.196 0.059
NM 0.000
NT 0.331 0.317 0.014
Bottom Strand End Initial After 
Release
Difference
NE 0.206 0.170 0.036
NC 0.225 0.187 0.038
NW 0.255 0.198 0.057
NM 0.000
NT 0.331 0.315 0.016
Bottom Strand End Initial After Release
Difference
SE 0.671 0.587 0.084
SC 0.413 0.339 0.074
SW 0.582 0.561 0.021
SM 0.000
ST 0.817 0.810 0.007
Bottom Strand End Initial After Release
Difference
SE 0.674 0.587 0.087
SC 0.412 0.338 0.074
SW 0.584 0.558 0.026
SM 0.000
ST 0.817 0.809 0.008
Data Analysis: Differences














NE 0.038 0.003 SE 0.086 0.002
NC 0.040 0.003 SC 0.074 0.000
NW 0.058 0.001 SW 0.023 0.004
NM 0.000 0.000 SM 0.000 0.000
NT 0.015 0.001 ST 0.007 0.001
Elongation Data
Cast Date Strand Location Elongation Strain
22-Mar-05 A East 8.75 0.008084
22-Mar-05 A Central 8.5 0.007853
22-Mar-05 A West 8.75 0.008084
22-Mar-05 A Top 8.5 0.007853
Data Analysis: Inferred Transfer Lengths (in)









Bottom 9.40 10.19 14.35 3.82
























End Slip Data for Beam -IA10-6-2
Date cast: 12-Apr-05 Date tested: 13-Apr-05
Bottom Strand End Initial After Release
Difference Testing Diff
NE 0.761 0.686 0.075 0.67 0.091
NC 0.69 0.618 0.072 0.492 0.198
NW 0.57 0.515 0.055 0.487 0.083
NM 0.000
NT 0.931 0.895 0.036 0.839 0.092
Bottom Strand End Initial After Release
Difference
NE 0.759 0.689 0.070
NC 0.687 0.619 0.068
NW 0.572 0.515 0.057
NM 0.000
NT 0.930 0.893 0.037
Bottom Strand End Initial After Release
Difference Testing Diff
SE 0.343 0.302 0.041 0.300 0.043
SC 0.672 0.605 0.067 0.151 0.521
SW 0.228 0.183 0.045
SM 0.000
ST 0.251 0.215 0.036 0.175 0.076
Bottom Strand End Initial After 
Release
Difference
SE 0.345 0.300 0.045
SC 0.673 0.604 0.069
SW 0.228 0.186 0.042
SM 0.000
ST 0.251 0.216 0.035
Data Analysis: Differences














NE 0.073 0.004 SE 0.043 0.003
NC 0.070 0.003 SC 0.068 0.001
NW 0.056 0.001 SW 0.044 0.002
NM 0.000 0.000 SM 0.000 0.000
NT 0.037 0.001 ST 0.036 0.001
Elongation Data
Cast Date Strand Location Elongation Strain
22-Mar-05 A East 8.75 0.008084
22-Mar-05 A Central 8.5 0.007853
22-Mar-05 A West 8.75 0.008084
22-Mar-05 A Top 8.5 0.007853
Data Analysis: Inferred Transfer Lengths (in)









Bottom 17.94 17.83 13.85 9.30
22.51 50.43 20.53 23.43







































































Batch Number  1A    
w/c 0.4 Volume: 0.15 ft3 
MC: 0.28%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1117.2 2.7182   2.7182 
Fine Agg. 2234.4 5.4364 -0.0121 5.4243 
Water 445.9 1.0849 0.0121 1.0969 
     
Batch Number  1B    
w/c 0.45 Volume: 0.15 ft3 
MC: 0.28%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1072.4 2.6092   2.6092 
Fine Agg. 2144.8 5.2184 -0.0116 5.2068 
Water 482.6 1.1742 0.0116 1.1858 
     
Batch Number  1C    
w/c 0.5 Volume: 0.15 ft3 
MC: 0.28%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1046.4 2.5459   2.5459 
Fine Agg. 2092.7 5.0916 -0.0113 5.0803 
Water 523.2 1.2730 0.0113 1.2843 
 
 
 1A 1B 1C 
Fresh Unit Wt. 
(PCF) 142.6 141.4 141.5 
Flow 87 111 * 
ASTM C 109 
(lbs) 5227 3770 3018 
 
 













Batch Number  2A    
w/c 0.4 Volume: 0.15 ft3 
MC: 0.34%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1117.2 2.7182   2.7182 
Fine Agg 2234.4 5.4364 -0.0088 5.4275 
Water 445.9 1.0849 0.0088 1.0937 
     
Batch Number  2B    
w/c 0.45 Volume: 0.15 ft3 
MC: 0.34%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1072.4 2.6092   2.6092 
Fine Agg 2144.8 5.2184 -0.0085 5.2099 
Water 482.6 1.1742 0.0085 1.1826 
     
Batch Number  2C    
w/c 0.5 Volume: 0.15 ft3 
MC: 0.34%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1046.4 2.5459   2.5459 
Fine Agg 2092.7 5.0916 -0.0083 5.0833 




 2A 2B 2C 
Fresh Unit Wt. 
(PCF) 141.82 141.73 141.0 
Flow 95 111.5 * 
ASTM C 109 















Batch Number 3A    
w/c 0.4 Volume: 0.15 ft3 
MC: 0.61%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1117.2 2.7182   2.7182 
Fine Agg 2234.4 5.4364 0.0057 5.4420 
Water 445.9 1.0849 -0.0057 1.0792 
     
Batch Number 3B    
w/c 0.45 Volume: 0.15 ft3 
MC: 0.61%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1072.4 2.6092   2.6092 
Fine Agg 2144.8 5.2184 0.0055 5.2238 
Water 482.6 1.1742 -0.0055 1.1687 
     
Batch Number 3C    
w/c 0.5 Volume: 0.15 ft3 
MC: 0.61%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1046.4 2.5459   2.5459 
Fine Agg 2092.7 5.0916 0.0053 5.0969 
Water 523.2 1.2730 -0.0053 1.2676 
 
 
 3A 3B 3C 
Fresh Unit Wt. 
(PCF) 141.94 140.50 140.79 
Flow 72 103 * 
ASTM C 109 







Batch Number  4A    
w/c 0.4 Volume: 0.15 ft3 
MC: 0.29%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1117.2 2.7182   2.7182 
Fine Agg 2234.4 5.4364 -0.0115 5.4248 
Water 445.9 1.0849 0.0115 1.0964 
     
Batch Number  4B    
w/c 0.45 Volume: 0.15 ft3 
MC: 0.29%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1072.4 2.6092   2.6092 
Fine Agg 2144.8 5.2184 -0.0111 5.2073 
Water 482.6 1.1742 0.0111 1.1852 
     
Batch Number  4C    
w/c 0.5 Volume: 0.15 ft3 
MC: 0.29%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1046.4 2.5459   2.5459 
Fine Agg 2092.7 5.0916 -0.0108 5.0808 
Water 523.2 1.2730 0.0108 1.2838 
 
 
 4A 4B 4C 
Fresh Unit Wt. 
(PCF) 142.92 140.89 140.57 
Flow 74 93 107 
ASTM C 109 






Batch Number  5A    
w/c 0.4 Volume: 0.15 ft3 
MC: 0.29%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1117.2 2.7182   2.7182 
Fine Agg 2234.4 5.4364 -0.0115 5.4248 
Water 445.9 1.0849 0.0115 1.0964 
     
Batch Number  5B    
w/c 0.45 Volume: 0.15 ft3 
MC: 0.29%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1072.4 2.6092   2.6092 
Fine Agg 2144.8 5.2184 -0.0111 5.2073 
Water 482.6 1.1742 0.0111 1.1852 
     
Batch Number  5C    
w/c 0.5 Volume: 0.15 ft3 
MC: 0.29%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1046.4 2.5459   2.5459 
Fine Agg 2092.7 5.0916 -0.0108 5.0808 
Water 523.2 1.2730 0.0108 1.2838 
 
 
 5A 5B 5C 
Fresh Unit Wt. 
(PCF) 142.98 142.44 140.39 
Flow 59 69 113 
ASTM C 109 






Batch Number  6    
w/c 0.475 Volume: 0.15 ft3 
MC: 0.30%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1055.25 2.5675   2.5675 
Fine Agg 2110.5 5.1349 -0.0104 5.1245 
Water 501.24 1.2195 0.0104 1.2299 
     
Batch Number  7    
w/c 0.475 Volume: 0.15 ft3 
MC: 0.30%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1055.25 2.5675   2.5675 
Fine Agg 2110.5 5.1349 -0.0104 5.1245 
Water 501.24 1.2195 0.0104 1.2299 
     
Batch Number  8N    
w/c 0.45 Volume: 2.98 ft3 
MC: 0.15%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1072.4 53.7614   53.761 
Fine Agg 2144.8 107.5228 -0.3715 107.151 
Water 482.6 24.1936 0.3715 24.565 
 
 
 6 7 8N 
Fresh Unit Wt. 
(PCF) 142.42 142.03 141.01 
Flow 105 93 105 
ASTM C 109 






Batch Number 9     
w/c 0.45 Volume: 0.15 ft3 
MC: 0.26%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1072.4 2.6092   2.609 
Fine 
Agg 2144.8 5.2184 -0.0126 5.206 
Water 482.6 1.1742 0.0126 1.187 
     
Batch Number 10     
w/c 0.45 Volume: 0.15 ft3 
MC: 0.30%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1072.4 2.6092   2.609 
Fine 
Agg 2144.8 5.2184 -0.0105 5.208 
Water 482.6 1.1742 0.0105 1.185 
     
Batch Number 11N     
w/c 0.45 Volume: 2.77 ft3 
MC: 0.24%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1072.4 50.0090   50.009 
Fine 
Agg 2144.8 100.0179 -0.2597 99.758 
Water 482.6 22.5050 0.2597 22.765 
 
 
 9 10 11N 
Fresh Unit Wt. 
(PCF) 140.38 142.62 140.18 
Flow 117 113 119 
ASTM C 109 





Batch Number 12     
w/c 0.45 Volume: 0.15 ft3 
MC: 0.11%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1072.4 2.6092   2.609 
Fine 
Agg 2144.8 5.2184 -0.0203 5.198 
Water 482.6 1.1742 0.0203 1.194 
     
Batch Number 13     
w/c 0.45 Volume: 0.15 ft3 
MC: 0.21%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1072.4 2.6092   2.609 
Fine 
Agg 2144.8 5.2184 -0.0151 5.203 
Water 482.6 1.1742 0.0151 1.189 
     
Batch Number 14N     
w/c 0.45 Volume: 2.72 ft3 
MC: 0.28%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1072.4 49.0724   49.072 
Fine 
Agg 2144.8 98.1448 -0.2148 97.930 
Water 482.6 22.0835 0.2148 22.298 
 
 
 12 13 14N 
Fresh Unit Wt. 
(PCF) 141.47 140.63 139.21 
Flow 125 121 113 
ASTM C 109 






Batch Number 15N     
w/c 0.45 Volume: 2.72 ft3 
MC: 0.22%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1072.4 49.0724   49.072 
Fine Agg 2144.8 98.1448 -0.2754 97.869 
Water 482.6 22.0835 0.2754 22.359 
Batch Number 16A     
w/c 0.4 Volume: 0.15 ft3 
MC: 0.33%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1117.2 2.7182   2.7182 
Fine Agg 2234.4 5.4364 -0.0095 5.4269 
Water 445.9 1.0849 0.0095 1.0944 
Batch Number 16B     
w/c 0.45 Volume: 0.15 ft3 
MC: 0.33%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1072.4 2.6092   2.6092 
Fine Agg 2144.8 5.2184 -0.0091 5.2093 
Water 482.6 1.1742 0.0091 1.1833 
Batch Number 16C     
w/c 0.5 Volume: 0.15 ft3 
MC: 0.33%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1046.4 2.5459   2.5459 
Fine Agg 2092.7 5.0916 -0.0089 5.0827 
Water 523.2 1.2730 0.0089 1.2818 
 




141.28 142.29 141.57 138.91 
Flow 103 97 107 132 
ASTM C 109 






Batch Number 17N     
w/c 0.45 Volume: 2.72 ft3 
MC: 0.25%   AC: 0.50%
Material PCY KG Correction Batch Wts 
Cement 1072.4 49.0724   49.072
Fine Agg 2144.8 98.1448 -0.2490 97.896
Water 482.6 22.0835 0.2490 22.333
Batch Number 18     
w/c 0.5 Volume: 0.15 ft3 
MC: 0.26%   AC: 0.50%
Material PCY KG Correction Batch Wts 
Cement 1046.4 2.5459   2.5459
Fine Agg 2092.7 5.0916 -0.0123 5.0793
Water 523.2 1.2730 0.0123 1.2852
Batch Number 19     
w/c 0.5 Volume: 0.15 ft3 
MC: 0.26%   AC: 0.50%
Material PCY KG Correction Batch Wts 
Cement 1046.4 2.5459   2.5459
Fine Agg 2092.7 5.0916 -0.0123 5.0793
Water 523.2 1.2730 0.0123 1.2852
Batch Number 20     
w/c 0.5 Volume: 0.15 ft3 
MC: 0.26%   AC: 0.50%
Material PCY KG Correction Batch Wts 
Cement 1046.4 2.5459   2.5459
Fine Agg 2092.7 5.0916 -0.0123 5.0793
Water 523.2 1.2730 0.0123 1.2852
 




138.07 139.03 138.31 138.52 
Flow 97 149 150 158 
ASTM C 109 





Batch Number 21N     
w/c 0.5 Volume: 2.72 ft3 
MC: 0.25%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1046.4 47.8826   47.883 
Fine Agg 2092.7 95.7607 -0.2344 95.526 
Water 523.2 23.9413 0.2344 24.176 
     
Batch Number 22N     
w/c 0.5 Volume: 2.72 ft3 
MC: 0.46%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1046.4 47.8826   47.883 
Fine Agg 2092.7 95.7607 -0.0419 95.719 
Water 523.2 23.9413 0.0419 23.983 
     
Batch Number 23N     
w/c 0.5 Volume: 2.72 ft3 
MC: 0.28%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1046.4 47.8826   47.883 
Fine Agg 2092.7 95.7607 -0.2096 95.551 
Water 523.2 23.9413 0.2096 24.151 
 
 21N 22N 23N 
Fresh Unit Wt. 
(PCF) 136.00 139.00 136.28 
Flow 136 139 139 
ASTM C 109 






Batch Number 24N     
w/c 0.4 Volume: 2.72 ft3 
MC: 0.26%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1117.2 51.1224   51.122 
Fine Agg 2234.4 102.2448 -0.2442 102.001 
Water 445.9 20.4041 0.2442 20.648 
     
Batch Number 25     
w/c 0.45 Volume: 2.72 ft3 
MC: 0.19%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1072.4 2.6092   2.6092 
Fine Agg 2144.8 5.2184 -0.0163 5.2021 
Water 482.6 1.1742 0.0163 1.1904 
     
Batch Number 26     
w/c 0.45 Volume: 2.72 ft3 
MC: 0.18%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1072.4 2.6092   2.6092 
Fine Agg 2144.8 5.2184 -0.0167 5.2016 
Water 482.6 1.1742 0.0167 1.1909 
 
 24N 25 26 
Fresh Unit Wt. 
(PCF) 139.25 139.88 139.25 
Flow 95 119 123 
ASTM C 109 






Batch Number 27N     
w/c 0.45 Volume: 2.72 ft3 
MC: 0.19%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1072.4 49.0724   49.072 
Fine Agg 2144.8 98.1448 -0.2988 97.846 
Water 482.6 22.0835 0.2988 22.382 
     
Batch Number 28N     
w/c 0.45 Volume: 2.72 ft3 
MC: 0.19%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1072.4 49.0724   49.072 
Fine Agg 2144.8 98.1448 -0.2988 97.846 
Water 482.6 22.0835 0.2988 22.382 
     
Batch Number 29N     
w/c 0.45 Volume: 2.72 ft3 
MC: 0.17%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1072.4 49.0724   49.072 
Fine Agg 2144.8 98.1448 -0.3223 97.823 
Water 482.6 22.0835 0.3223 22.406 
 
 27N 28N 29N 
Fresh Unit Wt. 
(PCF) 138.83 138.57 138.43 
Flow 119 120 111 
ASTM C 109 






Batch Number 30N     
w/c 0.45 Volume: 2.72 ft3 
MC: 0.69%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1072.4 49.0724   49.072 
Fine Agg 2144.8 98.1448 0.1855 98.330 
Water 482.6 22.0835 -0.1855 21.898 
     
Batch Number 31N     
w/c 0.45 Volume: 2.72 ft3 
MC: 2.80%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1072.4 49.0724   49.072 
Fine Agg 2144.8 98.1448 2.2461 100.391 
Water 482.6 22.0835 -2.2461 19.837 
     
Batch Number 32N     
w/c 0.45 Volume: 2.72 ft3 
MC: 2.32%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1072.4 49.0724   49.072 
Fine Agg 2144.8 98.1448 1.7792 99.924 
Water 482.6 22.0835 -1.7792 20.304 
 
 30N 31N 32N 
Fresh Unit Wt. 
(PCF) 138.76 140.34 139.67 
Flow 110 109 117 
ASTM C 109 






Batch Number 33N     
w/c 0.45 Volume: 2.72 ft3 
MC: 3.87%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1072.4 49.0724   49.072 
Fine Agg 2144.8 98.1448 3.2936 101.438 
Water 482.6 22.0835 -3.2936 18.790 
     
Batch Number 34N     
w/c 0.45 Volume: 2.72 ft3 
MC: 6.18%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1072.4 49.0724   49.072 
Fine Agg 2144.8 98.1448 5.5469 103.692 
Water 482.6 22.0835 -5.5469 16.537 
     
Batch Number 35N     
w/c 0.45 Volume: 2.72 ft3 
MC: 5.63%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1072.4 49.0724   49.072 
Fine Agg 2144.8 98.1448 5.0120 103.157 
Water 482.6 22.0835 -5.0120 17.071 
 
 33N 34N 35N 
Fresh Unit Wt. 
(PCF) 138.67 139.99 139.81 
Flow 120 122 113 
ASTM C 109 






Batch Number 36N     
w/c 0.45 Volume: 2.72 ft3 
MC: 4.14%   AC: 0.50%
Material PCY KG Correction Batch Wts 
Cement 1072.4 49.0724   49.072
Fine Agg 2144.8 98.1448 3.5576 101.702
Water 482.6 22.0835 -3.5576 18.526
     
Batch Number 37N     
w/c 0.45 Volume: 2.72 ft3 
MC: 3.03%   AC: 0.50%
Material PCY KG Correction Batch Wts 
Cement 1072.4 49.0724   49.072
Fine Agg 2144.8 98.1448 2.4699 100.615
Water 482.6 22.0835 -2.4699 19.614
     
Batch Number 38N     
w/c 0.45 Volume: 2.72 ft3 
MC: 10.25%   AC: 0.50%
Material PCY KG Correction Batch Wts 
Cement 1072.4 49.0724   49.072
Fine Agg 2144.8 98.1448 9.5210 107.666




36N 37N 38N 
Fresh Unit Wt. 
(PCF) 137.65 137.73 138.45 
Flow 130 118 128 
ASTM C 109 







Batch Number 39N     
w/c 0.45 Volume: 1.44 ft3 
MC: 4.12%   AC: 0.50% 
Material PCY KG Correction Batch Wts 
Cement 1072.4 25.8627   25.863 
Fine Agg 2144.8 51.7255 1.8642 53.590 






















































































































Concrete Mix Design, Fresh and Hardened properties for Concrete I  
OSU Lab 
Without Air Entrainment 
  Date:06/14/04 
Cement (PCY) 800 
Coarse Agg. (PCY) 1800 
Fine Agg. (PCY) 1144 
Water (PCY) 288 
Glenium 3030NS (fl. oz/cwt) 8 









Air Temperature (ºF) 81 
Relative Air Humidity (%) 95 
Concrete Temperature (ºF) 90 
Slump (in.) 8.5 









Air Content (%) 2.6 
1 Day 6050 
3 Day 7460 
7 Day 8000 
28 Day 8810 
Compressive Strength in psi 
56 Day 9860 
1 Day 540 
Tensile Strength 
28 Day 610 
1 Day 5495 
Modulus of Elasticity(psi) 
28 Day 5755 
Calculated Modulus of 











using ACI method(psi) 28 Day 5615 
















2- Concrete Mix Design, Fresh and Hardened properties for Concrete I A  
OSU Lab 
With 6% Total Air 
  Date:06/17/04 
Cement (PCY) 800 
Coarse Agg. (PCY) 1800 
Fine Agg. (PCY) 922 
Water (PCY) 272 
Glenium 3030NS (fl. oz/cwt) 10 
Polyheed 997 (fl.oz/cwt) 3 










Air Temperature (ºF) 82 
Relative Air Humidity (%) 95 
Concrete Temperature (ºF) 90 
Slump (in.) 8 









Air Content (%) 5.9 
1 Day 6400 
3 Day 7570 
7 Day 8480 
28 Day 9170 
Compressive Strength in psi  
56 Day 9740 
1 Day 590 Tensile Strength in psi 
28 Day 615 
1 Day 4780 
Modulus of Elasticity in psi 
28 Day 6120 
Calculated Modulus of 











using ACI method in psi 28 Day 5610 














3- Concrete Mix Design, Fresh and Hardened properties for Concrete II  
OSU Lab 
Without Air Entrainment 
  Date:06/17/04 
Cement (PCY) 800 
Coarse Agg. (PCY) 1800 
Fine Agg. (PCY) 1270 
Water (PCY) 240 
Glenium 3030NS (fl. oz/cwt) 20 









Air Temperature (ºF) 82 
Relative Air Humidity (%) 95 
Concrete Temperature (ºF) 90 
Slump (in.) 8 









Air Content (%) 1.8 
1 Day 9230 
3 Day 10910 
7 Day 12,230 
28 Day 13,010 
Compressive Strength in psi  
56 Day 13,790 
1 Day 720 
Tensile Strength in psi 
28 Day 880 
1 Day 5880 
Modulus of Elasticity in psi 
28 Day 7140 
Calculated Modulus of 











using ACI method in psi 28 Day 7100 
















4 - Concrete Mix Design, Fresh and Hardened properties for Concrete III  
OSU Lab 
Without Air Entrainment 
  6/16/2004 
Cement (PCY) 900 
10 % Fly Ash (PCY) _ 
10 % Slag (PCY) 100 
20 % Slag (PCY) _ 
Coarse Agg. (PCY) 1800 
Fine Agg. (PCY) 1188.6 
Water (PCY) 240 
Glenium 3030NS (fl. oz/cwt) 22 
Glenium 3200HES (fl. oz/cwt) 7 










Air Temperature (ºF) 82 
Relative Air Humidity (%) 95 
Concrete Temperature (ºF) 90 
Slump (in.) 9.5 









Air Content (%) 2.4 
1 Day 11,150 
7 Day 13,850 
28 Day 16,210 
Compressive Strength in psi 
56 Day 17,440 











Calculated Modulus  28 Day 8320 
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